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Abstract 
Oviposition patterns of diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Plutellidae), 
differ between common cabbage (Brassica oleracea var. capitata) and Chinese cabbage (Brassica 
rapa var. pekinensis) host plants. Moths preferentially oviposit on adaxial leaf surfaces over abaxial 
leaf surfaces and petioles on both host plants. In laboratory studies, more eggs were laid in leaf veins 
than on leaf laminas of both host plants; this effect was particularly pronounced on Chinese cabbage, 
where > 95% of eggs were laid in veins. On Chinese cabbage, very few eggs were laid in clusters ( 
2 eggs), whereas on common cabbage approximately 30% of eggs were laid in groups of 2 or more 
eggs. Removal of wax from common cabbage leaves dramatically increased the number of eggs laid 
singly on the leaf lamina of treated plants, suggesting that leaf waxes significantly affect how eggs 
are distributed by ovipositing DBM.  
 
Immature stages of DBM, especially eggs and neonates, are vulnerable to rainfall. However, the 
severity of the negative impact depends on many factors including host plant characteristics, the 
choice of oviposition sites and the feeding behaviour and physical characteristics of larvae. The 
effects of host plants, oviposition sites, the surface characteristics of those sites, and the post-
oviposition interval on egg attachment to leaf surfaces when subject to simulated rainfall (intensity = 
5.6 (± 0.10) cm h-1 for 3 min) and single water droplets was investigated in the laboratory. Electron 
microscopy studies of the surfaces to which eggs were attached were undertaken to investigate 
possible reasons for the differential attachment of eggs to different surfaces recorded when exposed 
to simulated rainfall and single water droplets. Similarly, feeding behaviour of larvae, their natural 
distribution on host plants and their physical characteristics were considered prior to investigating 
their mortality when they were exposed to simulated rainfall.  
 
Neonate larvae released at typical oviposition sites on Chinese cabbage plants typically spent > 1 h 
searching for feeding sites and moved between 3 cm and 72 cm, depending on the release site, prior 
to establishing feeding sites. On both Chinese cabbage and common cabbage host plants, larvae spent 
more time on the abaxial surface of leaves and were more likely to establish mines on this surface 
than on the adaxial surface, irrespective of the release site. 
 
In rainfall simulation experiments, eggs were most susceptible to simulated rainfall (i.e. removed 
from the plant surface) immediately (< 1 h) after oviposition and when close to hatching (> 72 h after 
oviposition), while they were least susceptible to removal 24 h after oviposition. Eggs laid on 
common cabbage plants were more susceptible to simulated rainfall than eggs laid on Chinese 
cabbage plants. On common cabbage plants, egg susceptibility to simulated rainfall on different plant 
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parts ranked adaxial leaf surfaces > petioles = abaxial leaf surfaces > stem but there was no difference 
in egg susceptibility to rainfall on the different parts of Chinese cabbage plants. Further, on common 
cabbage plants, eggs laid on both adaxial and abaxial leaf surfaces were afforded significant 
protection from the effects of rainfall by leaves higher in the plant canopy. On common cabbage 
plants, typical oviposition patterns reduced the potential impact of rainfall on eggs, possibly reducing 
the effect of this important abiotic mortality factor in the field.  
 
Exposure of neonates to simulated rainfall caused significant neonate mortality but the proportion of 
exposed larvae killed by rainfall declined with increasing time after release (= time after hatching). 
On Chinese cabbage plants, ≈ 40% of neonates were killed when exposed to simulated rainfall within 
5 min of release, but mortality decreased rapidly as the interval between release and exposure 
increased and when larvae were exposed to rainfall 2h after releasing it had no significant effect on 
survival. On common cabbage plants ≈ 65% of neonates were killed when exposed to simulated 
rainfall within 5 min and 30 mins of release and although mortality decreased as the interval between 
release and exposure increased, it did so more slowly than on Chinese cabbage and exposure to 
rainfall caused significant larval mortality up to 4 h after release.  
 
Simulated rainfall also affected later instar larvae; 2nd instar larvae were more susceptible than 3rd and 
4th instar larvae, but unlike neonates, these later stages were no more susceptible to rainfall on 
common cabbage plants than on Chinese cabbage plants and increasing the duration of rainfall from 
3 min to 9 min caused no additional mortality of larvae of any stage. Rainfall had no effect on the 
survival of pupae on either host plant. The movement of neonate larvae was significantly affected on 
wet leaves, disrupting movement to establish feeding sites on Chinese cabbage leaves and disrupting 
movement to suitable leaves on common cabbage plants. When dislodged from plants on to the 
surface of wet soil, most later stage larvae could recolonise host plants, but only negligible numbers 
of neonates could do so.  
 
In water droplet (droplets, 2 mm in diameter from 2 m above) experiments, eggs laid on leaf-2 were 
less susceptible to rainfall than eggs laid on leaf-6 in common cabbage, but in Chinese cabbage, egg 
susceptibility to rainfall was not affected by leaf identity. Eggs laid in the veins on the abaxial surfaces 
of common cabbage plants were less susceptible to dislodgement by rainfall than eggs laid at other 
sites on this host plant. In Chinese cabbage plants, eggs laid in the veins on both upper and abaxial 
surfaces of leaf-2 and leaf-6 were less susceptible to dislodgement by rainfall than eggs laid at other 
sites. On both plants, eggs laid singly were more likely to be removed by water droplets. The presence 
of waxes on leaf surfaces and the post-oviposition interval (at 25°C) also affected the retention of 
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eggs at oviposition sites. However, leaf angle, whether leaves were arranged in a horizontal plane or 
at 45° did not affect the susceptibility of eggs to rainfall. Eggs were also affected indirectly by the 
rainfall events; the repeated impact of droplets reduced the hatching rate of eggs and eggs were 
removed from both upper and lower leaf surfaces by the vibrations induced by droplets impinging on 
leaves. 
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Chapter 1 General introduction  
 
1.1 Review of literature  
1.1.1 Introduction 
The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Plutellidae) is one of the 
world’s most economically damaging pests (Furlong et al. 2013; Zalucki et al. 2012b). The species 
is oligophagous, feeding on various genera in the Brassicaceae (Ahuja et al. 2010) including 
economically important Brassica crops such as cabbages, cauliflower, Brussels sprouts, broccoli, 
canola etc. Larvae of DBM usually feed on the leaves of their host plants throughout the crop stages 
and severely damage the quality and yield of produce. DBM may cause crop losses as high as 50 -
100% (Magallona 1986; Sagenmueller and Rose 1986). Annual management costs and lost 
production may be as high as US$4 billion to US$5 billion to the world economy (Zhu et al. 2018; 
Zalucki et al. 2012b).  
 
Insecticides are the main form of control for DBM in Brassica crops (Grzywacz et al. 2010). In some 
areas, most farmers apply synthetic insecticides to control DBM, often at 3 to 5 day intervals (Mazlan 
and Mumford 2005; Amit et al. 2004). Non-judicious use of broad-spectrum chemical insecticides 
contributes to the increased abundance of DBM (Li et al. 2016a; Furlong et al. 2013) and management 
problems are exacerbated as DBM has developed resistance to organophosphate, carbamates, 
pyrethroids and newer insecticides (e.g. the diamides), Bacillus thuringiensis, and botanicals in many 
countries (Furlong et al. 2013; Atumurarava and Furlong 2011; Zhou et al. 2011). The excessive 
application of insecticides affects the biological control agents of DBM resulting in the resurgence of 
this pest (Furlong et al. 2008; Furlong et al. 2004a; Furlong et al. 2004b; Lim 1986). In addition, 
DBM can migrate and colonize favourable crops before natural enemies (Zhu et al. 2018; Schellhorn 
et al. 2008; Mo et al. 2003). As with most insects, it is very difficult to forecast and interpret its 
abundance and population dynamics as there are many influencing factors (Zhu et al. 2018; Li et al. 
2016a; Muthuthantri et al. 2010; Schellhorn et al. 2008; Zalucki and Furlong 2005; Yonow et al. 
2004).  
 
Life table studies have shown that significant numbers of eggs and early stage larvae die 
(Sivapragasam et al. 1988; Iga 1985; Harcourt 1963) and/or disappear (Zalucki et al. 2002; Wakisaka 
et al. 1992) due to a number of biotic and abiotic factors (Sarfraz et al. 2007; Liu et al. 2004a; Kim 
and Lee 2002; Tsai and Wang 2001; Ramachandran et al. 1998). Among the mortality factors, rainfall 
is considered as an important abiotic cause of mortality and it can influence DBM populations 
dramatically (Ayalew et al. 2006; Guilloux et al. 2003; Kobori and Amano 2003). Effects of rainfall 
on DBM are complex and related to the nature of rainfall events and their interaction with DBM 
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biology and its behaviour on its host plants (Ahmad and Ansari 2010; Kobori and Amano 2003). In 
addition, rainfall properties (eg. rainfall amount and frequency) are not constant throughout the year 
and vary greatly from place to place (Fiener and Auerswald 2009; Haile et al. 2009; Corradini and 
Singh 1985) which affects runoff and interactions at the plant surface (Schuurmans and Bierkens 
2007; Goodrich et al. 1995). Here, the challenges faced by lepidopteran eggs and neonates in general 
and the effects of rainfall on eggs and neonates of DBM specifically are reviewed.  
 
1.1.2 Survival challenges for lepidopteran eggs and neonates  
Life table studies identify many mortality factors that affect the immature stages of Lepidoptera but 
few studies detail exactly when in a stage mortality occurred (Table 1.1). Eggs are sessile, survival 
and development of viable eggs (Varella et al. 2015; Pereira et al. 2007a; Pereira et al. 2007b) depend 
on where they were laid (Cribb et al. 2010; Perkins et al. 2010; Liu et al. 2004b; Zalucki et al. 2002). 
They can become detached from the oviposition substrate as the leaf surface expands (Kyi et al. 1991) 
or due to the nature of the leaf surface itself (Fordyce and Nice 2003), they can be exposed to extreme 
conditions (Drake 1994; Hayes 1981; Hirose et al. 1980), they can be parasitized (Pereira et al. 2007a; 
Pereira et al. 2007b; Liu et al. 2004a; Liu et al. 2000) and they can be eaten either incidentally or by 
larger conspecifics (cannibalism) (Hayes 1981), or by predators (Varella et al. 2015; Pereira et al. 
2007a; Pereira et al. 2007b; Hayes 1981). 
 
Loosely attached eggs can easily be detached from the host plants. Egg attachment on plants surfaces 
varies with host plant varieties (Al Bitar et al. 2012). Spumalines (Betz 2010), known as glueing 
material, are secreted during egg laying and work to attach eggs together in clusters and to various 
substrates (Betz 2010; Li et al. 2008; Fordyce and Nice 2003; Gaino and Rebora 2001; Burkhart et 
al. 1999). These glueing agents are composed principally of protein (Betz 2010; Li et al. 2008; Jin et 
al. 2006; Burkhart et al. 1999) but their structure and composition vary greatly within the Insecta (Li 
et al. 2008). The variation of morphological and chemical structures of spumalines (Koch et al. 2008; 
Barthlott et al. 1998) and insect species (Fordyce and Nice 2003) leads to variation in the degree with 
which eggs are attached to host plants (Voigt and Gorb 2010; Muller and Riederer 2005). In addition, 
the cuticular wax crystals on the plant surface sometimes prevent egg adhesion for many insects (Gorb 
et al. 2008; Eigenbrode 2004; Gaume et al. 2004; Gorb and Gorb 2002; Stork 1980) and make eggs 
more vulnerable to some mortality factors.  
 
The epicuticular lipids (surface waxes) of plants play a vital role in insect-plant interactions 
(Eigenbrode and Espelie 1995; Kimura 1987). Lepidopteran insects like DBM prefer glossy leaves 
for egg laying (Badenes-Perez et al. 2004; Ulmer et al. 2002; Justus et al. 2000) and they deposit 
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more eggs on waxy leaves when the wax crystals are stripped off from the surface (Uematsu and 
Sakanoshita 1989). However, the survival rate of DBM neonates is low on glossy plants (Eigenbrode 
et al. 1991a; Stoner 1990) and larvae have a strong preference to waxy leaves (Ulmer et al. 2002). 
Glossy varieties are often considered more resistant to insect herbivores (Eigenbrode and Espelie 
1995; Eigenbrode et al. 1993) and therefore, some researchers have emphasized the development of 
less waxy lines to manage DBM (Verkerk and Wright 1996).  
 
If the eggs survive and hatch, neonates must overcome a wide array of plant characters and other 
adverse conditions to establish and survive on a food plant (Zalucki et al. 2002). Unless the egg was 
laid within plant tissue (Gillot 1995) neonates will interact with plant surface characters (Perkins et 
al. 2008) and internal materials coming out from the ruptured leaf, once they take their first bite 
(Zalucki et al. 2012a; Zalucki et al. 2001b). Leaf hairs and trichomes hinder larval movements (Cribb 
et al. 2010; Shelomi et al. 2010) and restrict access to the leaf surface (Duffey 1986). Some glandular 
trichomes secrete chemical toxins (Lin et al. 1987) or sticky materials (Van Dam and Hare 1998) that 
mechanically restrict movement and even entrap larvae. For instance, survival of Spodoptera exigua 
(Hübner) (Lepidoptera: Noctuidae) neonates is adversely affected by glandular trichome density on 
tomato plants (Eigenbrode and Trumble 1993). Allelochemicals, that could affect the survival of 
neonates may be present in the vacuoles, glands and/ or laticifers (Zalucki et al. 2001a; Farrell et al. 
1991; Dussourd 1990; Compton 1987; Dussourd and Eisner 1987).  
 
Generally concealed feeders such as leaf miners have lower mortality than exposed feeders (Momanyi 
et al. 2006; Zalucki et al. 2002) but leaf-mining larvae need to avoid local allelochemicals (Schultz 
1983) as well as induced plant defences to survive (Karban and Baldwin 1997). Larvae and pupae of 
various leaf miners can be attacked by both invertebrate and vertebrate predators (Auerbach et al. 
1995) and parasitoids (Sato 1995). However, mortality of exposed and protected cohorts is high both 
in the field (Wakisaka et al. 1992; Feeny et al. 1985) and under laboratory conditions (Watanabe and 
Omata 1978) suggesting plant effects may account for most mortality. Irrespective of the exact life 
stages and mortality factors, many researchers have demonstrated that a large number of lepidopteran 
eggs and larvae die before completing development (Table 1.1).  
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Table 1.1 Mortality factors affecting immature Lepidoptera and the various stages affected 
Authors  Main mortality 
factor(s)  
Stage(s) and% 
mortality 
 Insect species 
Marchioro 
and Foerster 
(2016) 
Parasitoids Larvae Diamondback moth (DBM), 
Plutella xylostella (L.) 
(Lepidoptera: Plutellidae) 
Varella et al. 
(2015) 
Inviability of eggs, 
desiccation, 
dislodgement, predation, 
parasitism and unknown 
Eggs (73 - 81%), 
neonates (> 95%) 
 
Spodoptera frugiperda 
(Smith JE) (Lepidoptera: 
Noctuidae) 
Onstad et al. 
(2013) 
Parasitoids and rainfall  Eggs, neonates DBM 
Marchioro 
and Foerster 
(2012) 
Unsuitable temperature  All stages including 
adult emergence, 
fecundity and laying 
of viable eggs 
DBM 
Kumar et al. 
(2009) 
Inviability, parasitism, 
abiotic factors such as 
wind velocity and rainfall 
etc, 
Eggs (23 - 44%)  Helicoverpa armigera 
(Hübner) (Lepidoptera: 
Noctuidae) 
Pereira et al. 
(2007a) 
Egg inviability, rainfall, 
parasitoids, predators, 
pathogens, malformed 
during metamorphosis 
Eggs (89 - 93%), 
neonates (13 - 94%) 
 
Coffee leaf miner, 
Leucoptera coffeella 
(Guérin-Méneville) 
(Lepidoptera: Lyonetiidae) 
Pereira et al. 
(2007b) 
Rainfall, inviability of 
eggs, predators and 
parasitoids 
Eggs and neonates (up 
to 95%) 
Coffee leaf miner 
Jankowska 
and Wiech 
(2006) 
Parasitoids Larvae (60 - 93%) DBM 
Furlong et al. 
(2004a) 
Disappearance of eggs 
and larvae, larval and 
pupal parasitism  
Eggs, larvae, pupae DBM 
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Authors  Main mortality 
factor(s)  
Stage(s) and% 
mortality 
 Insect species 
Liu et al. 
(2004a) 
Egg parasitoids  
 
Eggs (generally < 
10%, occasionally 30 
- 75%) 
DBM 
 
Guilloux et 
al. (2003) 
Parasitoids until rainfall 
becomes principal 
controlling factor  
Larvae and pupae 
(average 23.5%) 
 
DBM 
Liu et al. 
(2002) 
Unsuitable temperature  Eggs (lethal at below 
8° and above 34°C), 
neonates (lethal below 
8°C and above 32°C) 
DBM 
Sansone and 
Smith (2001) 
Unexplained biotic and 
abiotic factors including 
predators and parasitoids 
Eggs and neonates (71 
- 95%) 
Helicoverpa zea (Boddie) 
(Lepidoptera: Noctuidae) 
Liu et al. 
(2000) 
Eggs and larval 
parasitoids 
Eggs (2 - 6%), 
neonate (10 - 60%) 
DBM 
Mason et al. 
(1999) 
Infective juveniles of 
entomopathogenic 
nematodes 
Larvae DBM 
Kyi et al. 
(1991) 
Rainfall or watering, 
aerial predators, host 
plant characters, 
dispersal of neonates, the 
wind 
Eggs (32 - 88%), 
neonates (93 - 100%)  
H. armigera  
Keinmeesuke 
et al. (1992) 
Egg parasitoids and 
rainfall 
Eggs (16.2 - 45.2%) DBM 
Young and 
Moffett 
(1979) 
Predatory crickets, 
parasitic wasps and 
pathogenic 
microorganisms 
Egg masses (> 80%)  Mechanitis isthmia (Bates) 
(Lepidoptera: Nymphalidae) 
 
Eggs and neonates of Lepidoptera are the stages most vulnerable to mortality (Table 1.1) and they 
need to overcome these for their successful establishment (Figure 1.1). Usually, 25 - 75% of neonates 
of Lepidoptera die for various reasons (Zalucki et al. 2002). Lower establishment, and ultimately 
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poorer survival of neonates can result from the adverse effects of host plant characters such as the 
presence or absence of waxes in the surfaces of leaves (Cribb et al. 2010; Eigenbrode et al. 1991b; 
Eigenbrode et al. 1990) and interactions between abiotic and biotic factors (Klapwijk et al. 2012; 
Turchin et al. 2003) such as rainfall, temperature and predators (Whiting et al. 1996; Stamp and Casey 
1993; Whiting et al. 1991; Kukal and Dawson 1989). Larval movement through ballooning (Sarfraz 
et al. 2005; Wang and Keller 2002; Torres-Vila et al. 1997; Eigenbrode et al. 1991a) can lead to 
major losses of neonates (Zalucki et al. 2002) as it results in exposure to abiotic and biotic mortality 
factors (Perovic et al. 2008).  
 
 
 
Figure 1.1 Conceptual flow diagram of survival challenges of lepidopteran eggs and neonates (“⎯” 
eggs and “- - -” larvae). 
 
Kyi et al. (1991) identified rainfall (or watering), the wind, dispersal and host plant characters as the 
major factors responsible for 93 - 100% mortality of 1st instar larvae of Helicoverpa armigera 
(Hübner) (Lepidoptera: Noctuidae) larvae. Similarly, Santana et al. (2012) found predation and 
rainfall as the key mortality factors for Diaphania nitidalis (Stoll) (Lepidoptera: Crambidae). Rainfall 
affects the emergence of adults (e.g. Helicoverpa) from pupae (e.g. (Murray and Zalucki 1990; 
Hopkins et al. 1972), may delay oviposition (Knight 1998; Zalucki 1981; Hagley 1976) and hampers 
survival of larvae of lepidopteran insects (Knight 1998; Hagley 1972; Geier 1963). Dislodgement and 
drowning (García et al. 2002) due to rainfall as well as predation (Figueiredo et al. 2006) caused up 
to 81% of egg and > 95% of early larval mortality of Spodoptera frugiperda (J.E. Smith) 
(Lepidoptera: Noctuidae) (Varella et al. 2015). According to Sims (2008), rainfall causes significant 
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reduction of adult emergence and survival of S. frugiperda pupae when simulated rainfall increased 
from 0 to 8 cm h-1. Similarly, mortality rates of coffee leaf miner, Leucoptera coffeella (Guérin-
Méneville) (Lepidoptera: Lyonetiidae) were found to be highest during the rainy season of the year 
(Pereira et al. 2007a). However, variations of temperature and rainfall in both winter and summer 
seasons can affect the growth rate of Thaumetopoea pityocampa (Denis and Schiffermüller) 
(Lepidoptera: Thaumetopoeidae) populations (Tamburini et al. 2013). Simulated rainfall can reduce 
fruit injury by codling moth, Cydia pomonella (Linnaeus) (Lepidoptera: Tortricidae) by 60 - 90% by 
reducing moth flight and oviposition and increase eggs and larval mortality (Knight 1998).  
 
1.1.3 DBM Oviposition Behaviour and Mortality of Eggs 
DBM adults are more active at dusk to the night (Harcourt 1957). They usually emerge during the 
first 8 h of photophase (Pivnick et al. 1990a) and mating happens at dusk on the same day. Oviposition 
generally starts 2 h after sunset and most eggs (about 65%) are laid during the period of 18:00 to 
22:00; oviposition rate peaks between 19:00 and 20:00 (Talekar et al. 1994; Pivnick et al. 1990a). 
Usually, DBM lay 100 - 200 eggs during its life span (Huang et al. 2014; Talekar et al. 1994) but 
fecundity is highly variable and depends on temperature, host plants and adult food sources (Garrad 
et al. 2016; Li et al. 2016b). 
 
DBM eggs are laid in small clusters or singly in concavities (Gupta and Thorsteinson 1960) on the 
adaxial and abaxial surfaces and petioles of leaves as well as on stems and at the base of host plants 
(Silva and Furlong 2012; Furlong et al. 2004b; Talekar et al. 1994; Harcourt 1957). Females lay more 
eggs on the upper leaf surface (52 - 79%) and less on the abaxial surface and on the petioles (Talekar 
et al. 1994; Tabashnik and Mau 1986). However, relative leaf position rather than leaf identity is a 
significant factor in the choice of oviposition site (Ang et al. 2014). Females always lay most eggs 
on the lower (older) leaves of cabbage (Ang et al. 2014; Silva and Furlong 2012; Talekar et al. 1994) 
but on the upper (younger) leaves of Chinese cabbage plants (Silva and Furlong 2012).  
 
Where females lay eggs is influenced by several factors such as physical injury of plants, plant 
volatiles, physical and chemical properties of oviposition sites, weather conditions etc. (Silva and 
Furlong 2012; Spencer et al. 1999; Spencer 1996; Pivnick et al. 1990b; Uematsu and Sakanoshita 
1989; Lu et al. 1988). DBM identifies its host plants from non-host plants by using a combination of 
olfactory and visual cues (Couty et al. 2006). They are attracted to their host plants by physical 
(tactile/visual) and/or chemical (olfactory/gustatory) stimuli (Badenes-Perez et al. 2014; Moreau et 
al. 2006; Ode 2006; Bukovinszky et al. 2005; Justus and Mitchell 1996). Non-volatile compounds, 
glucosinolates (Hopkins et al. 2009; Textor and Gershenzon 2009) along with some other secondary 
 8 
plant compounds (Renwick 2002; Van Loon et al. 2002) play an important role in DBM host 
interactions. Toxic hydrolysis products, isothiocyanates, produced from the blending of 
glucosinolates and myrosinase in damaged plant tissues act as strong attractants and stimulants for 
oviposition in DBM (Renwick et al. 2006). However, intact glucosinolates (Justus and Mitchell 
1996), and particularly indole glucosinolates (Sun et al. 2009), stimulate females to lay eggs. The 
aliphatic glucosinolate sinigrin also enhances oviposition (Spencer et al. 1999). Finally, females use 
one or more post-alighting physical, short-range visual and non-volatile chemical cues to select egg 
laying sites (Ang et al. 2016; Reudler Talsma et al. 2008; Couty et al. 2006; Szendrei and Isaacs 
2005; Degen and Städler 1997).  
 
Oviposition sites sometimes result in the exposure of eggs as well as neonates to mortality factors. 
The upper leaf surfaces are more likely to be exposed to the direct impact of rainfall, which can cause 
high mortality (Wakisaka et al. 1992; Sivapragasam et al. 1988). More eggs are washed off upper 
leaf surfaces than lower leaf surfaces with the same intensity of rainfall (Kobori and Amano 2003). 
Egg losses are often more than 50% higher from the adaxial surface than the abaxial surface of leaves 
(Sivapragasam et al. 1988). Kobori and Amano (2003) found that 1 h of precipitation of 2.5 mm 
diameter raindrops and 17.3 mm h-1 intensity can cause about 83% egg loss from the upper leaf 
surface but only 61% from the abaxial surface.  
 
1.1.4 Relationship between Feeding Site Establishment and Mortality of DBM Neonates 
In general, DBM larvae are dependent on their mothers for host selection (Löhr and Gathu 2002). 
However, oviposition by DBM and feeding patterns of the subsequent neonates are host-specific and 
vary among leaves within plants (Ang et al. 2014; Silva and Furlong 2012; Reddy et al. 2004). The 
egg incubation period is 52 ± 0.9 degree-days above a development threshold of 7.3 ± 0.1°C at 60-
90% RH and 12L: 12D photoperiod (Liu et al. 2002) on cabbage plants. Soon after emergence, 
neonate larvae start to move to find a feeding site (Silva and Furlong 2012). Larvae move a 
considerable distance from oviposition sites to establish their feeding site (Silva and Furlong 2012; 
Berger 1992; Saxena and Onyango 1991). Most of the larvae take several hours to start mining 
(Kobori and Amano 2003), generally up to 3 hours, and visit several leaves (Silva and Furlong; Unpub 
data). They usually prefer to move to the upper or younger leaves to establisher their feeding sites 
(Ang et al. 2014; Silva and Furlong 2012; Reddy et al. 2004). Therefore, neonates that hatch from 
eggs laid on the lower leaves will take longer and travel further to get to their mining site. Increased 
time spent moving on the leaf surfaces may result in more exposure to mortality factors (Shelomi et 
al. 2010). While searching for a feeding site, neonates may face some or all the following obstacles: 
rainfall, surface waxes, hard plant parts, trichomes, laticifers, glands with allelochemicals, induced 
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plant defences, unfavourable microenvironments, natural enemies (Zalucki et al. 2002). Therefore, 
feeding site selection, is a critical window for neonate caterpillars to survive (Foster and Howard 
1999).  
 
Feeding site selection of neonates is influenced by a number of host characters such as presence or 
absence of surface waxes (Yang et al. 1993; Kantiki and Ampofo 1989), leaf morphology (Lawton 
1983), and leaf hardness (Perkins et al. 2010). Nutritional status of leaves also affects the feeding site 
establishment of neonates. For instance, leaves rich with sulphur (Marazzi and Stadler 2004) and 
nitrogen (Perkins et al. 2010) stimulate larvae to feed. Water content of leaves also influences feeding 
site establishment by larvae (Zalucki et al. 2002). In addition, the chemical compounds of leaves such 
as sinigrin, sinalbin, and glucocheirolin act as feeding stimulants for DBM (Talekar and Shelton 
1993). On getting to a suitable feeding site, neonates start mining in the spongy mesophyll tissue 
(Harcourt 1957). The leaf wax characteristics affect the mining behaviour of the 1st instar larvae and, 
usually, they prefer to mine in waxy leaves (Ulmer et al. 2002). In glossy-leaved plants neonates visit 
more leaves and try to establish feeding site several times before establishing a final mining site; the 
extra time spent is likely to expose them to various mortality factors (Eigenbrode et al. 1995; 
Eigenbrode et al. 1991b). On successfully mining into leaves, they feed inside the tissue by leaving 
the unbroken leaf epidermis and they often make feeding windows (Talekar and Shelton 1993). The 
duration of the 1st instar larvae is about 34 ± 2 degree-days above a development threshold of 7.3 ± 
0.4ºC (Liu et al. 2002). Second instar larvae emerge from mines and become external leaf feeders, 
usually feeding mainly on the underside of leaves (Sivapragasam et al. 1988). 
 
1.1.5 Effects of Precipitation and Simulated Rainfall on DBM Eggs and Neonates 
Most eggs and neonates are exposed to one or more mortality factors (Figure 1.1). Among these, 
researchers have identified rainfall as a major source of mortality of DBM, with eggs and early instar 
larvae most affected (Table 1.2). Generally, eggs and neonates are susceptible to drowning due to the 
direct and indirect impacts (e.g. mud-splash) of rainfall or simulated rainfall (Kobori and Amano 
2003; Sivapragasam et al. 1988). Eggs can be washed off (Wakisaka et al. 1992; Sivapragasam et al. 
1988) and neonates can be dislodged and drowned by rainwater (Ahmad and Ansari 2010; Wakisaka 
et al. 1992; Talekar et al. 1986; Harcourt 1963). Sometimes, eggs and neonates are removed from 
host plants along with the wax bloom by rainfall (Kimura 1987). Wakisaka et al. (1992) used stearic 
acid as an alternative of wax and found an increased removal of eggs by sprinkler irrigation with 
increased thickness of stearic acid on leaves.  
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Table 1.2 Previous studies on rainfall-induced mortality of DBM. 
Author (s) Key findings 
Ayalew et al. (2006) Rainfall affected the aggregation index (60% of the variation) and 
enhanced mortality. 
Guilloux et al. (2003) Rainfall may become a principal control factor of DBM populations. 
Kobori and Amano 
(2003) 
Simulated rainfall (rainfall rate = 17.3 mm h-1 and droplet diameter = 
2.5 mm) caused 95%, 73%, 61% and 43% dislodgement of 1st, 2nd, 
3rd and 4th instar larvae respectively. Eggs on the adaxial surfaces 
were more vulnerable to rainfall (egg loss > 82 %) than on abaxial 
surfaces (egg loss < 61 %).  
Keinmeesuke et al. 
(1992) 
Rainfall was assumed as a principal mortality factor of DBM 
immatures.  
Sivapragasam et al. 
(1988) 
Eggs (38%) and neonates (33 - 62%) were lost mostly from the 
adaxial surface of leaves  
Iga (1985) Rainfall was observed as a major mortality factor of DBM larvae 
where 1st and 2nd instar larvae were mostly affected. 
Harcourt (1963) Over 55% of larvae (1st to mid-4th instar larvae) lost by the rainfall  
Wakisaka et al. (1992) Sprinkler irrigation of 60 mm caused significant egg losses; losses 
increased with increased number of sprinkler events and were greatest 
from adaxial leaf surfaces and for neonate larvae.  
 
Rainfall is a natural form of control of DBM populations (Tonnang et al. 2010) and simulated rainfall 
(sprinkler irrigation) is often recommended as an effective tool for management (McHugh 1994; 
Keinmeesuke et al. 1992; Wakisaka et al. 1992) of DBM in cabbage (AVRDC 1988; AVRDC 1987; 
Talekar et al. 1986) and watercress (Tabashnik and Mau 1986). Simulated rainfall can suppress 
reproduction of insects by affecting flight activities of adults for mating (AVRDC 1988; Talekar et 
al. 1986) and egg laying (Talekar et al. 1986). Sprinkler irrigation during the night was found more 
effective at suppressing DBM oviposition than during the day time (Tabashnik and Mau 1986). 
Therefore, synchronization of simulated rainfall (sprinkler irrigation) with oviposition can be an 
effective tool to suppress egg laying (Talekar et al. 1986) and to control larvae.  
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1.2 Aims and objectives 
The overall aims and objectives of this thesis are- 
• to investigate and quantify the impact of rainfall on DBM eggs at different oviposition sites 
of host plants 
• to investigate and quantify the impact of rainfall on DBM neonates and subsequent instar 
larvae feeding on two host plants and their survival mechanisms from the rainfall effects  
 
1.3 Relevance of the proposed research 
DBM eggs and neonates are affected by a wide range of biotic and abiotic mortality factors (Table 
1.1). Among the mortality factors, rainfall is a poorly investigated abiotic factor that has been found 
to have profound effects on DBM eggs by washing them off from the host plants (Wakisaka et al. 
1992; Sivapragasam et al. 1988) and on neonates (Ayalew et al. 2006; Guilloux et al. 2003; 
Sivapragasam et al. 1988; Iga 1985), where they can be dislodged and drowned by the direct (Ahmad 
and Ansari 2010; Talekar et al. 1986; Harcourt 1963) or indirect impacts of rainfall (Kobori and 
Amano 2003; Wakisaka et al. 1992; Sivapragasam et al. 1988). Dislodged 1st instar larvae rarely get 
back to their host plants and die (Sivapragasam et al. 1988; Iga 1985; Harcourt 1963) or disappear 
(Zalucki et al. 2002; Wakisaka et al. 1992) and/or are washed away by rainwater (Wakisaka et al. 
1992).  
 
The effects of rainfall on eggs are likely complex and related to morphological characteristics of host 
plants, (e.g. surface characters of leaves), oviposition behaviour of DBM and the physical properties 
of rainfall. The oviposition behaviour of DBM is plant specific (Silva and Furlong 2012) as host plant 
characteristics influence oviposition site selection (Badenes-Perez et al. 2004; Ulmer et al. 2002; 
Justus et al. 2000). However, eggs on some oviposition sites are more susceptible to rainfall events 
(Kobori and Amano 2003). Loosely attached eggs are prone to be affected by rainfall easily. The 
adhesion of insect eggs on host plants may vary with the host plants and surface characters (Al Bitar 
et al. 2012; Voigt and Gorb 2010; Muller and Riederer 2005). The surface characters of plants such 
as the presence of cuticular wax crystals (surface waxes) contribute in egg adhesion (Gorb et al. 2008; 
Eigenbrode 2004; Gaume et al. 2004; Gorb and Gorb 2002; Stork 1980). Presence of water-repellent 
materials on leaf surface such as wax crystals impair mechanical adhesion of eggs (Muller and 
Riederer 2005). However, some insects can glue their eggs on the waxy surface by some 
proteinaceous secretions (Voigt and Gorb 2010). The adhesive materials, spumalines (Betz 2010) 
vary in composition and in structure in insects even within the same genus (Li et al. 2008). In addition, 
the expansion of leaves may affect the egg attachment (Kyi et al. 1991).  
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Likewise, rainfall effects on neonates are very complex and depend on many factors. DBM neonates 
mine into leaves and feed inside which reduces exposure to rainfall (Zalucki et al. 2002). However, 
before mining, they can travel a long distance and spend up to a few hours finding a suitable feeding 
site (Pereira et al. 2007b; Kobori and Amano 2003; Berger 1992; Saxena and Onyango 1991). The 
time and distance prior to the feeding site establishment varied with the host plants as their feeding 
establishment depends on various plant characters (Perkins et al. 2010; Yang et al. 1993; Lawton 
1983) and where they were laid. The time spent finding and establishing a feeding site is a critical 
period for neonates as are more vulnerable to mortality factors (Kyi et al. 1991). Rainfall also affects 
the 2nd and subsequent larval instars and pupae (Kobori and Amano 2003; Iga 1985; Harcourt 1963). 
However, most of the results were obtained from correlative field studies where, insect-host 
interactions and natural distribution of larvae and pupae on host plants were not considered.  
 
Therefore, understanding the relationship of rainfall and the oviposition behaviour of DBM, on host 
plants and rainfall effects on eggs, morphological characters of host plants (e.g. leaf waxiness, leaf 
surface characters, leaf orientations), is important to an evaluation of rainfall effects on them. In 
addition, the indirect impacts of rainfall on eggs such as hatching ability of eggs exposed to rainfall, 
eggs losses by the shaking created by raindrops and other factors such as rainfall and post-oviposition 
time will be investigated for a complete understanding of rainfall impacts on DBM eggs. Likewise, 
an understanding of the behaviour of neonates when establishing their feeding sites and the interaction 
with rainwater/moisture should be investigated. At the same time, the natural distribution of 2nd and 
subsequent larval instars of DBM on host plants and their ability return to their host plants after being 
knocked down by the rainfall will provide a better understanding of the effects of rainfall on DBM.  
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Chapter 2 Diamondback moth egg susceptibility to rainfall: location matters 
 
2.1 Abstract  
Oviposition patterns of the diamondback moth (DBM), Plutella xylostella L. (Lepidoptera: 
Plutellidae), differ between common cabbage (Brassica oleracea var. capitata) and Chinese cabbage 
(Brassica rapa var. pekinensis) host plants. Moths laid more eggs on adaxial leaf surfaces over the 
abaxial leaf surfaces and petioles of both host plants and in leaf veins than on leaf laminas of both 
host plants, especially in Chinese cabbage, where 95% of eggs were laid in veins. On Chinese 
cabbage, very few eggs were laid in clusters (groups of 2 or more eggs), whereas on common cabbage 
approximately 30% of eggs were laid in groups. Removal of wax from common cabbage leaves 
dramatically increased the number of eggs laid singly on the leaf lamina of treated plants, suggesting 
that leaf waxes significantly affect how eggs are distributed by ovipositing DBM. Eggs were most 
susceptible to removal from the plant surface immediately, within an hour, after oviposition and when 
close to hatching (> 72 h old), while they were least susceptible to removal by rainfall 24 h after 
oviposition. Eggs laid on common cabbage plants were more susceptible to simulated rainfall than 
eggs laid on Chinese cabbage plants. On common cabbage plants, egg susceptibility to rainfall on 
different plant parts ranked adaxial leaf surfaces > petioles = abaxial leaf surfaces > stem but there 
was no difference in egg susceptibility to rainfall on the different plant parts of Chinese cabbage. 
Further, on common cabbage plants, eggs laid on both adaxial and abaxial leaf surfaces were afforded 
significant protection from the effects of rainfall by leaves higher in the plant canopy. On common 
cabbage plants, oviposition patterns reduce the potential impact of rainfall on eggs, possibly reducing 
the effect of this important abiotic mortality factor in the field.  
 
2.2 Introduction 
The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Plutellidae) is the most widely 
distributed (Furlong et al. 2013; Zalucki et al. 2012b) and one of the most destructive pests of 
Brassicaceae crops worldwide (Zalucki et al. 2012b; Ahuja et al. 2010). It is multivoltine and may 
produce up to 20 generations in a year (Furlong et al. 2013; Shirai 2000). Eggs are laid at night 
(Tabashnik and Mau 1986), mainly in the first few hours of scotophase (Talekar et al. 1994; Pivnick 
et al. 1990a). There are many estimates of the life-time fecundity of DBM (Huang et al. 2014; Talekar 
et al. 1994) but fecundity is highly variable and depends on temperature, host plants and adult food 
sources (Garrad et al. 2016; Li et al. 2016b). 
 
Similarly, the pattern of DBM oviposition is highly variable and there are various reports of eggs 
being laid singly or in small clusters on the adaxial and abaxial surfaces of leaves, leaf petioles, stems, 
 15 
and at the base of host plants (Silva and Furlong 2012; Pereira et al. 2007b; Talekar et al. 1994; 
Harcourt 1957). Oviposition site selection is influenced by the architecture, physical and 
morphological characteristics and chemical properties of host plants (Ang et al. 2016; Silva and 
Furlong 2012; Badenes-Perez et al. 2004; Spencer et al. 1999; Spencer 1996; Pivnick et al. 1990b; 
Uematsu and Sakanoshita 1989; Lu et al. 1988). Olfactory and visual cues help DBM to identify its 
host plants prior to alighting (Couty et al. 2006) and then olfactory and gustatory chemical cues and 
physical stimuli (Badenes-Perez et al. 2014; Moreau et al. 2006; Ode 2006; Bukovinszky et al. 2005; 
Justus and Mitchell 1996) modulate choice of oviposition site post-alighting. Non-volatile 
compounds such as glucosinolates (Hopkins et al. 2009; Textor and Gershenzon 2009; Spencer et al. 
1999), in particular indole glucosinolates (Sun et al. 2009), and volatile isothiocyanates such as iberin 
(3-methylsulﬁnylpropyl isothiocyanate) and sulforaphane (4-methylsulﬁnyl- 3-butenyl 
isothiocyanate) (Renwick 2002; Van Loon et al. 2002) affect oviposition. In injured or damaged 
cabbage plants, egg laying is stimulated at the site of damage by the isothiocyanates which are 
produced by myrosinase catalysed hydrolysis of glucosinolates (Renwick et al. 2006).  
 
The successful hatching of eggs and survival of neonates are related to the oviposition behaviour of 
DBM (Moreira et al. 2016; Kobori and Amano 2003). DBM neonates generally establish their feeding 
sites on the younger leaves of plants; consequently, neonates that hatch from eggs laid on older leaves 
near the base of host plants need to move considerable distances to reach their preferred feeding sites 
(Silva and Furlong 2012). As they move, they become exposed to a wide variety of abiotic and biotic 
mortality factors including rainfall, wind, solar radiation, predators and parasitoids (Furlong et al. 
2013; Syed et al. 2012; Sarfraz et al. 2007; Momanyi et al. 2006; Sarfraz et al. 2005; Furlong et al. 
2004a; Liu et al. 2004a; Kobori and Amano 2003; Mason and Wright 1997; Wakisaka et al. 1992).  
 
Rainfall is a poorly investigated abiotic mortality factor that has a profound effect on the survival of 
Lepidopteran eggs, including those of DBM (Ayalew et al. 2006; Kobori and Amano 2003; 
Sivapragasam et al. 1988). Its physical effects include washing eggs off from plant surfaces 
(Wakisaka et al. 1992; Sivapragasam et al. 1988) and the dislodgement of eggs by vibrations created 
when raindrops strike leaves (Wakisaka et al. 1992). The effects of rainfall on eggs are likely complex 
and related to morphological characteristics of host plants (e.g. surfaces characters of leaves), 
oviposition site and the physical properties of raindrops; increased rainfall intensity, duration and 
density of raindrops all increase DBM egg losses from cabbage plants (Kobori and Amano 2003). 
The impact of rainfall on eggs may differ between host plants due to their inherent properties and 
because DBM oviposition patterns are host plant specific (Ang et al. 2014; Silva and Furlong 2012). 
Therefore, understanding the precise oviposition patterns of DBM on different hosts, what likely 
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drives the behaviours that control these patterns and the effects of rainfall on eggs laid in different 
positions on its various host plants are important to understanding the potential impact of rainfall on 
DBM eggs and their survival. In this study, we manipulated DBM oviposition on different host plants 
and exposed eggs on plants to simulated rainfall in order to better understand host-egg-rainfall 
interactions. 
 
2.3 Materials and Methods  
2.3.1 Plants 
Common cabbage (Brassica oleracea var. capitata ‘Sugarloaf’) and Chinese cabbage (B. rapa var. 
pekinensis ‘Wombok’) were grown from seed. Seeds were sown in seed trays containing a mixture 
of organic potting mix (70% composted pine bark (0 - 5 mm) and 30% coco peat; pH 5.5 - 6.5) 
supplemented with slow-release fertilizer (Osmocote (N:P:K, 16:35:10); Scotts Australia, Baulkham 
Hills, NSW, Australia). Three-week-old seedlings were transplanted into pots (12 cm diameter) with 
organic potting mix and fertilizer and grown in a ventilated greenhouse. Plants of similar age 
(approximately 7 weeks old) and stage of development (10-leaf stage) were used in all experiments. 
Leaves were numbered sequentially, starting at the 1st true leaf at the base of plants and working 
upwards (Figure 2.1).  
 
 
 
  
Figure 2.1 Numbering of leaves from the 1st true leaf of A) common cabbage plant and B) Chinese 
cabbage plant. 
 
A B 
 17 
2.3.2 Insects 
DBM were supplied from a laboratory culture that was started from material collected in an 
experimental broccoli crop at Gatton Research Station, Gatton, QLD, Australia in 2003 (Silva and 
Furlong 2012); the culture has been supplemented with field-collected material regularly since then. 
Freshly eclosed adult moths were released into a nylon mesh oviposition cage (45 cm × 45 cm × 45 
cm), provided with a food source (honey solution (10%, wt/ vol) and held in a rearing room (22 ± 
2°C, L12: D12) for 24 h, where moths could mate, before they were used in experiments or to 
maintain the culture. To maintain the culture, a single cabbage plant was exposed to female moths (≥ 
100) for oviposition overnight; exposed plants were replaced with fresh plants daily for 4 days. Plants 
bearing eggs were maintained separately until larvae developed to the 2nd instar, leaves were then 
removed and placed into a ventilated plastic box (40 cm × 25 cm × 10 cm) containing moistened 
paper towel. Fresh cabbage leaves were supplied as a larval food source daily and old foliage was 
removed as required. Pupae were collected upon their development and stored in Petri dishes (5 cm 
diameter) in a refrigerator (4°C) for up to 2 weeks before being used to maintain the culture or to 
provide adults for experiments. 
 
2.3.3 Oviposition of DBM on different host plants  
Oviposition patterns, whether eggs were laid singly or in clusters and the number of eggs laid on 
adaxial and abaxial leaf surfaces, the leaf lamina, in veins, on different leaves, on petioles and the 
stem (Figure 2.2) of common cabbage and Chinese cabbage plants (n = 30 plants of each species) 
was investigated using a completely randomized design where each plant was considered a replicate. 
Individual host plants (10-leaf stage) were exposed to single, mated, gravid, fed (10% aqueous honey 
solution) female moths (24 - 48 h post-eclosion) in a nylon mesh oviposition cage (45 cm × 45 cm × 
45 cm) and held on the laboratory bench for 24 h (20 ± 5°C, L13: D11). The following day, the plant 
was removed and carefully examined using a magnifying glass. The numbers of eggs laid at the 
different sites (Figure 2.3) were recorded, when an egg was recorded, it was carefully removed with 
forceps or needle to prevent double counting.  
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Figure 2.2 A) Internodes on stem systematically marked starting from the area between leaf-1 and 
leaf-2 towards the apical areas B) Leaf petiole and leaf lamina were marked in a leaf of common 
cabbage plants and of C) Chinese cabbage plants. 
 
   
   
   
 
Figure 2.3 Eggs (20x) laid in A) cluster on adaxial surface, B) singly on lamina of adaxial surface, 
C) singly on adaxial surface, D) near vein on abaxial surface and E) singly on petiole of common 
cabbage leaves, F) pair in a vein on adaxial surface, G) singly near vein of adaxial surface, H) singly 
near vein on abaxial surface and I) singly on petiole of Chinese cabbage leaves.  
A B C 
A
  
D E 
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B C 
F 
I 
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2.3.4 Effect of leaf surface waxes on DBM oviposition 
Oviposition patterns on the adaxial surfaces of intact and wax-free common cabbage leaves (leaf-6) 
were compared. Wax crystals were removed from the adaxial surface of leaf-6 leaves by dipping a 
piece of cellulose acetate (25 µm thick) into absolute acetone solution and immediately placing it on 
the selected leaf surface (Cribb et al. 2010). When the cellulose acetate sheet dried (after ≈ 30 s) it 
was carefully removed from the leaf surface, thereby removing the surface wax crystals. Ten plants 
were treated in this manner and another 10 plants of the same age and size, that were not subject to 
any cellulose acetate treatment, were prepared as controls using a completely randomized design 
where an individual plant was considered a replicate. Experimental plants were covered with 
polythene bags (30 cm × 44 cm) and leaf-6 was drawn out through a small slit in the bag and the 
polythene secured round the petiole with string. Single treated and control plants prepared in this way 
were placed into oviposition cages on the laboratory benches (20 ± 5°C, L13: D11) and an individual 
fed, gravid female (2 - 3 days post-eclosion) introduced. After 24 h, the plants were removed from 
the cages and the numbers of eggs laid singly and in clusters on each exposed leaf determined.  
 
2.3.5 Rainfall simulation 
2.3.5.1 Rainfall simulator and calibration  
A rainfall simulator (Figure 2.4) was used to generate rainfall in the experiments. The simulator 
contained two spray units each comprising two spray nozzles to generate rainfall of variable droplet 
size (2 - 5 mm in diameter) over an area of 1.25 m2 (0.87 m× 1.44 m). The intensity of rainfall was 
controlled by changing flow rates into the spray units and a constant rainfall intensity of 5.6 (± 0.10) 
cm h-1 was maintained throughout the experiments. Sweep control motors were programmed to give 
a 5 s delay to maintain 12 sweeps min-1 over the area. For any given rainfall treatment, 6 plants could 
be exposed to rainfall at a time. 
 
To calibrate the rainfall simulator, 10 beakers (9.2 cm diameter) were placed in the area beneath the 
nozzles. The rainfall zone was divided into 5 equal areas and in each position, 2 beakers were placed 
to capture water during simulated rainfall events (Figure 2.5). Rainfall events of differing durations 
were generated, viz., 1 min, 3 min and 10 min. Beakers were weighed before and after rainfall events 
to measure the amount of water captured. The rainfall rates (cm h-1) were calculated based on water 
captured per unit area. Rainfall rates at different positions within the rainfall zone were compared 
statistically to determine the homogeneity rainfall in the rainfall zones.  
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Figure 2.4 Rainfall simulator showing, a) nozzle b) one spraying unit c) overflow pipe d) test area e) 
water pressure controller f) power supply and vane switches. 
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Figure 2.5 Placement of beakers at various positions in rainfall zone under the rainfall simulator (p 
= position, B = beaker) to estimate rainfall rate (cm h-1) of homogenous spraying areas. 
 
2.3.5.2 Raindrop simulator and calibration  
A single droplet simulator (Figure 2.6) was constructed from a plastic delivery tube (0.5 cm 
diameter), flow control regulator and a 1 ml plastic pipette tip. The pipette tip was modified to produce 
droplets of 2 mm in diameter, attached to one end of the delivery tube and held at a height of 2 m. 
The number of droplets produced per minute was controlled using the flow control regulator. To 
reduce air disturbance and maximize the precision with which droplets could be targeted to specific 
sites on the leaf surface, droplets produced at the end of the pipette tip passed through the centre of a 
2 m × 0.15 m PVC pipe as they fell towards the experimental leaf surface positioned on an OASIS® 
Floral Foam block (Ang et al. 2014) directly beneath the centre of the PVC pipe. In preliminary tests, 
> 90% of droplets impacted on test targets.  
 
 22 
 
Figure 2.6 The single droplet simulator which was constructed to generate droplets of approx. 2 mm 
in diameter from 2 m height. 
 
To generate specific droplet size, the slender part of the pipette tips was heated and drawn out to make 
the opening of the tip narrower. After positioning the modified pipette tip to the rainfall simulator, 
pictures of the falling droplets (eg. Figure 2.7) were taken with a digital camera (Nikon D5600; 18-
55 mm 1:3.5-5.6G VR) as they passed a centimetre scale attached to the wall. Length and width of 
the droplets produced by the different pipette tips were measured by using ImageJ software. The 
calculated diameter of droplets was the mean of the length and width of respected droplets. To 
calibrate the tip, diameters of 3 droplets were measured. When tips were changed, they were 
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calibrated in this way. To determine the accuracy with which droplets impacted on the target, a beaker 
was placed under the simulator. The opening of the beaker was covered with an aluminium sheet with 
a hole (2.5 mm in diameter) at the middle. The number of droplets that passed through the hole was 
counted, and the % that passed through the hole was used to determine the accuracy of the simulator. 
 
Figure 2.7 Photograph of a falling droplet from the single droplet simulator passing a cm scale to 
estimate size. Image was taken with a digital camera (Nikon D5600; 18-55 mm 1:3.5-5.6G VR). 
 
2.3.6 Preparation of plants for rainfall experiments 
All plants were at the 10-leaf stage when used in experiments. Plants were used in completely 
randomized design and specific oviposition site on each plant was considered a replication. Different 
methods were employed to obtain eggs at the specific oviposition site to be tested. To obtain eggs on: 
i) the adaxial or abaxial surfaces of leaves, a clip cage (4.4 cm diameter) (Figure 2.8) was attached to 
the relevant leaf surface (Silva and Furlong 2012) and a gravid female was introduced; ii) leaf 
petioles, 3 common cabbage plants were introduced into an oviposition cage (45 cm × 45 cm × 45 
cm) and 9 gravid female moths were introduced (eggs were laid on petioles and leaves, those on 
leaves and on all petioles except those of leaves 1-3 were ignored); iii) the stem of common cabbage 
plants, leaves of the plants were covered with polythene bags (30 cm × 44 cm) to leave only the 
internodes of the stem below leaf-3 exposed, single plants prepared in this way were then placed in 
an oviposition cage (45 cm × 45 cm × 45 cm) with 3 gravid females. In all cases, plants were exposed 
to female moths overnight (approximately 16 h). The following day, moths were removed, and the 
eggs laid on the specific leaf surface, on petioles of leaf-1 to leaf-3, and on the exposed portion of 
stems were marked and counted. For all oviposition sites, excess eggs were carefully removed using 
forceps and a camel hair-brush so that each experimental plant ultimately supported 10 eggs.  
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Figure 2.8 DBM females were attached to A) a common cabbage leaf and B) a Chinese cabbage leaf 
with clip cages.  
 
2.3.7 Effects of rainfall on DBM egg retention by host plants 
2.3.7.1 Effects on eggs laid on different host plants and at different sites  
Eighty common cabbage and 80 Chinese cabbage plants were used to investigate the effects of rainfall 
on eggs on adaxial and abaxial leaf surfaces. Clip cages were positioned on: i) the adaxial surfaces of 
leaf-2 and leaf-6 of 40 common cabbage plants and 40 Chinese cabbage plants and ii) the abaxial 
surfaces of leaf-2 and leaf-6 of another 40 common cabbage plants and another 40 Chinese cabbage 
plants. A gravid female was introduced into each clip cage and the female allowed to oviposit 
overnight (approximately 16 h). The following day, moths were removed, and the eggs laid on the 
specific leaf surface were marked and counted. Excess eggs were carefully removed as previously 
described to leave 10 eggs on each leaf. Half of the common cabbage plants (20 with eggs on the 
adaxial surfaces of leaf-2 and leaf-6 and 20 with eggs on the abaxial surfaces of leaf-2 and leaf-6) 
and half of the Chinese cabbage plants (20 with eggs on the adaxial surfaces of leaf-2 and leaf-6 and 
20 with eggs on the abaxial surfaces of leaf-2 and leaf-6) were exposed to simulated rainfall and the 
remaining plants in each treatment were held as controls. The plants exposed to rainfall were 
randomly assigned to different groups of six plants and each group was exposed to simulated rainfall 
(intensity = 5.6 (± 0.10) cm h-1) for 3 min. Similarly, the control plants were randomly assigned to 
different groups of six plants and placed under the rainfall simulator for 3 min but without exposure 
to rainfall. After rainfall events, plants were transferred to a bench for a minimum of 1 h until the 
leaves dried. The number of eggs remaining on each rainfall-exposed and control leaf was then 
determined and recorded.  
B A 
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The effects of rainfall on eggs laid on the stems and petioles of common cabbage plants were 
investigated using another 80 plants. Forty plants were prepared as previously described so the petiole 
of leaf-3 supported 10 eggs. Similarly, another 40 plants were prepared as previously described so 
that the stem below leaf-3 supported 10 eggs. Twenty plants of each treatment were exposed to 
simulated rainfall and the remaining plants in each treatment were held as controls. The treatment of 
exposed and control plants and the recording of egg numbers after exposure to rainfall was as 
described for the leaf experiment above.  
 
2.3.7.2 Effects of rainfall on eggs of different ages  
To investigate the effects of rainfall on freshly laid eggs (< 24 h old) and older eggs (48 - 66 h old), 
80 common cabbage plants, and 80 Chinese cabbage plants were used. Clip cages were employed to 
manipulate oviposition on the adaxial surfaces of leaf-2 and leaf-6 on each plant so that each exposed 
leaf supported 10 eggs. A single gravid female moth was introduced into each clip cage on the 
afternoon of the first day of the experiment and removed approximately 16 h later when numbers 
were manipulated so that each leaf supported 10 eggs. Forty cabbage plants and forty Chinese 
cabbage plants were then selected; of these, 20 cabbage plants and 20 Chinese cabbage plants were 
exposed to simulated rainfall while the remainder served as controls. The rest of the plants (40 
cabbage plants and 40 Chinese cabbage plants) were kept for another 48 h so that the plants supported 
eggs that were > 48 h old. The treatment of exposed and control plants was as described for the 
experiment of eggs that were < 24 h old above. The common cabbage and Chinese cabbage plants 
were then randomly assigned to different groups of six plants; each group was then exposed to 
simulated rainfall (intensity = 5.6 (± 0.10) cm h-1) for 3 min. Similarly, the control plants were 
randomly assigned to different groups of six plants and placed under the rainfall simulator for 3 min 
but without rainfall generation. Upon removal from the rainfall simulator, plants were transferred to 
a bench to dry and the recording of egg numbers after exposure to rainfall was as previously described. 
 
To investigate the effects of the direct impact of raindrops on eggs of different ages that had been laid 
on the adaxial surface of leaf-6 of common cabbage plants, eggs were exposed to water droplets in 
the laboratory. Eggs were again obtained using the clip cage method, but adult moths were removed 
as soon as they had laid a single egg on the leaf. Eggs were either exposed to water droplets 
immediately (< 1 h after being laid) or incubated at 25°C for a further 24, 48 or 72 h before exposure 
to water droplets. Leaf portions supporting single eggs of the required age were then pinned to the 
surface of a piece of floral foam cut at an angle of 45° and the egg positioned under the centre of the 
water droplet generator. Eggs were then subject to the impact of single droplets at a rate of 240 per 
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minute until they were dislodged from the leaf surface. Twenty eggs of each age were tested, and the 
number of water droplets required to cause dislodgement recorded. 
 
2.3.7.3 Canopy effects on the impact of rainfall on eggs 
To investigate the role of the plant canopy in protecting eggs on lower leaves from the impact of 
rainfall, a total of 80 plants (40 common cabbage and 40 Chinese cabbage) plants was used. Using 
the clip cage method, 10 eggs were laid on the adaxial or abaxial surfaces of leaf-2 of common and 
Chinese cabbage plants. For both common and Chinese cabbage plants 20 plants were prepared with 
eggs on the adaxial surface of leaf-2 and another 20 were prepared with eggs on the abaxial surface 
of leaf-2. In common cabbage and Chinese cabbage plants at the 10-leaf stage, leaf-2 is typically 
covered by leaf-7 (see Figure 2.9). Leaf-7 was removed from half of the previously prepared common 
cabbage (10 plants with eggs on abaxial surface and 10 plants with eggs on the adaxial surface of 
leaf-2) and Chinese cabbage (10 with eggs on abaxial surface and 10 plants with eggs on the adaxial 
surface of leaf-2) plants. The remaining 40 plants (20 of each cabbage species) were kept intact. 
Finally, all plants were randomly assigned to a group of six plants and exposed to simulated rainfall 
(5.6 (± 0.10) cm h-1) for 3 minutes. After rainfall, plants were left for leaves to air dry for at least 1 h 
and then the eggs remaining on each leaf was counted and recorded. 
 
 
Figure 2.9 Numbering of leaves from the 1st true leaf of a common cabbage plant where leaf-7, the 
leaf immediately above leaf-2, was removed to expose leaf-2 to the direct impact of rainfall.  
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2.3.8 Statistical analysis 
Negative binomial GLM models were fitted for count data (data of oviposition of DBM on host plants 
and number of droplets needed to remove individual eggs of different ages from leaves) using the 
statistical program R (R Core Team 2017), in the MASS package (Venables and Ripley 2002). 
ANOVA of GLM outputs was done followed by LSD tests to differentiate the levels of predictors. 
To determine if data were significantly different, independent t-tests were done with log10 
transformed data. Residuals of the models were visually examined for normality. When data were not 
normally distributed, non-parametric methods of analysis, Kruskal-Wallis tests instead of one-way 
ANOVA and Wilcoxon tests instead of t-test were performed. Post-hoc tests were done based on the 
models and normality of the data. For the presentation of the data, means of original data were back 
transformed. 
  
2.4 Results 
2.4.1 Calibration of rainfall tower 
Rainfall rates for various durations (1 min, 3 min and 10 min) varied slightly but these were not 
significantly different (F2,23 = 0.84; P > 0.05) (Figure 2.10). Mean rate (± SE) of rainfall for 1 min, 3 
min and 10 min durations were 4.7 (± 0.35) cm h-1, 5.07 (± 0.36) cm h-1 and 5.04 (± 0.37) cm h-1 
respectively. However, rainfall rates for various beaker positions varied significantly (F4,23 = 31.44; 
P < 0.001) (Figure 2.10). Mean rates (± SE) of rainfall for beaker position-1, position-2, position-3 
position-4 and position-5 were 3.14 (± 0.05) cm h-1, 5.39 (± 0.20) cm h-1, 5.73 (± 0.12) cm h-1, 5.68 
(± 0.20) cm h-1 and 4.87 (± 0.41) cm h-1 respectively. For 1 min duration, rainfall rate at position-1 
was significantly lower than the all other positions (LSD; P < 0.05). Rainfall rates at position-2 to 
position-4 were homogenous (LSD; P > 0.05) but significantly higher than the rate at position-5 (LSD 
< 0.05). For 3 min duration, rainfall rates at position-2 to position-5 were statistically similar and 
homogenous (LSD; P > 0.05) but higher than the rate at position-1 (LSD < 0.05). For 10 min duration, 
the rainfall rate at beaker position-3 was not different to beaker position-2 and beaker position-4 (LSD 
> 0.05) but rainfall rate at position-2 was significantly lower than the rate at beaker position-4 (LSD 
< 0.05). Beaker position-1 and position-5 had significantly lower rainfall rate than other three 
positions (LSD < 0.05). Therefore, beaker position-2 to position-4 were used in the experiments as 
the rainfall rates were homogenous most of the time; positions-1 and position-5 were excluded. The 
average rainfall rate for selected positions (position-2 to position-4) was 5.6 (± 0.10) cm h-1.  
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Figure 2.10 Mean (± SE) rate of rainfall at different beaker positions under the rainfall simulator 
(F4,23 = 31.44; P < 0.001) for durations of 1 min, 3 min and 10 min (F2,23 = 0.84; P > 0.05). For each 
duration, beaker positions marked with the same letters were not significantly different (LSD; P > 
0.05). 
 
2.4.2 Calibration of single droplets simulator 
The diameter of droplets produced by pipette tip used in experiments was 2.0 (± 0.03) mm. The 
accuracy of droplets hitting target eggs was recorded at > 90% based on direct observation. 
 
2.4.3 Oviposition of DBM on different host plants  
Oviposition site selection by DBM was significantly affected by leaf position in common cabbage 
(F11,348 = 9.98; P < 0.001) and Chinese cabbage (F9,290 = 8.36; P < 0.001) (Figure 2.11) but there was 
no significant difference between the numbers of eggs laid on common cabbage and Chinese cabbage 
plants (t = 0.293, df = 54; P > 0.05) (Figure 2.11A and D).  
 
For common cabbage plants, most eggs were laid on older leaves (lower leaves) and very few eggs 
were laid on younger leaves (upper leaves). Among leaves, significantly more eggs were laid on leaf-
3 (LSD; P < 0.05) than on any other leaf, followed by leaf- 4 and leaf-2 (Figure 2.11A). Very few 
eggs were laid on leaves 1, 5 and 6 and no eggs were laid on leaves 7 to 10 (Figure 2.11A). DBM 
laid a considerable number of eggs on common cabbage stem internodes. Most of the eggs were 
concentrated at the lower internodes of the stem near the base of the plants (Figure 2.11A).  
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On Chinese cabbage plants, eggs were laid throughout the plant, but most were concentrated on the 
upper leaves. The number of eggs increased from lower leaves to the upper leaves and peaked at leaf-
7 but then declined again on the youngest leaves (Figure 2.11D). Significantly more eggs were laid 
on leaf-4 to leaf-9 (LSD; P < 0.05) than on any other leaves (Figure 2.11D). The mean number of 
eggs on leaf-3 was not significantly different to the number of eggs on leaf-4 to leaf-5 and leaf-9 
(LSD; P > 0.05) but it was significantly lower than the number of eggs on leaf-6 to leaf-8 (LSD; P < 
0.05) (Figure 2.11D). Very few eggs were laid on leaf-2 and leaf-10 and the lowest number of eggs 
was laid on leaf-1 (Figure 2.11D).  
 
Within leaves, the numbers of eggs laid on adaxial surfaces, abaxial surfaces and on petioles were 
significantly different for common cabbage (F2,897 = 13.36; P < 0.001) (Figure 2.11B) and for Chinese 
cabbage plants (F2,897 = 82.76; P < 0.001) (Figure 2.11E). In both plant species, significantly higher 
numbers of eggs (> 2-fold more on common cabbage (Figure 2.11B) and > 3-fold more on Chinese 
cabbage (Figure 2.11E)) were laid on the adaxial surfaces of leaves than on abaxial surfaces of leaves 
(LSD; P < 0.05). For common cabbage plants, the number of eggs laid on the abaxial surfaces of 
leaves and on leaf petioles was not significantly different (LSD; P > 0.05) (Figure 2.11B). In the case 
of Chinese cabbage plants, significantly fewer eggs were laid on the petioles (the stalk between leaf 
blade and stem) than on the surfaces of leaves (LSD; P < 0.05) (Figure 2.11E).  
 
In common cabbage plants, significantly higher numbers of eggs (t = 2.9212, df = 552; P < 0.01) were 
laid in the leaf veins (68%) than on the leaf laminas (32%) and in Chinese cabbage plants almost all 
eggs (ca 95%) were laid in the leaf veins and very few were laid on the leaf laminas (t = 16.223, df = 
363; P < 0.001), (Figure 2.11C and F).  
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Common cabbage Chinese cabbage 
  
  
  
Figure 2.11 Mean number (± SE) of eggs laid on common cabbage plants and on Chinese cabbage 
plants (t = 0.283, df = 54; P > 0.05), where A) eggs were laid on stem internodes and on different 
leaves (F11,348 = 9.98; P < 0.001), B) egg distribution on adaxial, abaxial surface and petioles per leaf 
(F2,897 = 13.36; P < 0.001), and C) the distribution of eggs on the leaf lamina and vein areas per leaf 
(t = 2.9212, df = 552; P < 0.01), of common cabbage plants and D) eggs were laid on internode of 
stem and on different leaves positions (F9,290 = 8.36; P < 0.001), E) egg distribution on adaxial, abaxial 
surface and petioles per leaf (F2,897 = 82.76; P < 0.001) and F)the distribution of eggs on the leaf 
lamina and vein areas per leaf (t = 16.223, df = 363; P < 0.001), of Chinese cabbage plants. Means 
marked with the same letters are statistically not different (LSD; P > 0.05). Internode 1 is below leaf-
2 and internode 2 is between leaf-2 & 3. In the case of Chinese cabbage plants, no eggs were laid on 
the stem. 
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In both plants, DBM typically laid eggs singly (Figure 2.12A and B). In common cabbage, a 
significantly higher proportion of eggs was laid singly than in clusters (2 or more eggs laid together) 
on leaf lamina (W = 728; P < 0.001) and in leaf veins (W = 847.5; P < 0.001) (Figure 2.12A). 
Similarly, in Chinese cabbage, significantly more eggs were laid singly, rather than in clusters, on 
both the leaf lamina (W = 713.5; P < 0.001) and in leaf veins (W = 900; P < 0.001) (Figure 2.12A). 
More than 30% of eggs were laid in clusters on the leaf laminas of common cabbage plants while 
only 5% of eggs were laid in clusters on the leaf laminas of Chinese cabbage plants. Similarly, around 
30% of eggs were laid in clusters in the leaf veins of common cabbage plants but only 1% of eggs 
were laid in clusters in the leaf veins of Chinese cabbage plants. When common cabbage and Chinese 
cabbage plants were compared, more eggs were laid in clusters on common cabbage plants on both 
the leaf lamina (W = 654.5; P < 0.001) and in the leaf veins (W = 754; P < 0.001) than in Chinese 
cabbage plants.  
 
On common cabbage plants, a total of 667 eggs were laid singly and 182, 45, 56, 20 and 18 eggs were 
found in clusters of 2, 3, 4, 5 and 6 eggs respectively (Figure 2.12B). In Chinese cabbage plants, 
1108 eggs were laid singly, only 16 eggs were laid in pairs and no egg clusters contained > 2 eggs 
(Figure 2.12B).  
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Figure 2.12 A) Mean % of eggs laid in cluster (≥ 2) on the leaf lamina of common cabbage and 
Chinese cabbage leaves (W = 654.5; P < 0.001) and on the veins of common cabbage and Chinese 
cabbage leaves (W = 754; P < 0.001). Mean numbers of eggs laid singly were higher on the leaf 
lamina (W = 728; P < 0.001) and in leaf veins (W = 847.5; P < 0.001) of common cabbage plants and 
on leaf lamina (W = 713.5; P < 0.001) and in leaf veins (W = 900; P < 0.001) of Chinese cabbage 
plants. B) The number of eggs laid singly and in clusters of different sizes on common cabbage leaves. 
In Chinese cabbage plants, 1108 eggs were laid singly, and 16 eggs were laid in pairs.  
 
2.4.4 Effect of leaf surface waxes on DBM oviposition 
The removal of waxes from the surface of common cabbage leaves significantly affected oviposition 
(Figure 2.13). On untreated control leaves, significantly more eggs (> 60%) were laid in clusters (t = 
2.9805, df = 18; P < 0.01) than on leaves from which surface waxes had been removed. On these 
leaves, significantly higher numbers of eggs (> 80%) were laid singly (t = 9.1883, df = 18; P < 0.001). 
On average, significantly more eggs were laid on wax-free leaves (mean = 17.25 ± 2.46) than on 
untreated control leaves (10.25 ± 2.72) (t = 2.520, df = 38; P < 0.05) (Figure 2.13).  
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Figure 2.13 Mean % of eggs (± SE) laid in clusters or singly on untreated (t = 2.9805, df = 18; P < 
0.01) and wax-free (t = 9.1883, df = 18; P < 0.001) adaxial surfaces of leaf-6 of common cabbage 
plants (n = 10 for each parameter). Overall, higher numbers of eggs were laid on wax-free leaves (t 
= 2.520, df = 38; P < 0.05).  
 
2.4.5 Rainfall effects on DBM eggs 
2.4.5.1 Rainfall effects on eggs laid on different host plants and at different oviposition sites  
Rainfall had profound effects on the survival of eggs on petioles and leaves of common cabbage and 
Chinese cabbage plants. The average loss of eggs due to rainfall from the petioles, abaxial surfaces 
of leaf-2, adaxial surfaces of leaf-2, abaxial surfaces of leaf-6 and adaxial surfaces of leaf-6 treated 
common cabbage plants was 16%, 6.5%, 20%, 11.5% and 45% respectively, which were significantly 
higher than the losses of eggs from the petioles (W = 40; P < 0.001), abaxial surfaces of leaf-2 (W = 
117; P < 0.01), adaxial surfaces of leaf-2 (W = 40; P < 0.001), abaxial surfaces of leaf-6 (W = 103; P 
< 0.01) and adaxial surfaces of leaf-6 (W = 17.5; P < 0.001) of control plants not exposed to rainfall. 
However, egg losses from the stems of common cabbage plants were not significantly higher (W = 
164; P > 0.05) than losses from the stems of control plants (Figure 2.14). In Chinese cabbage plants, 
the overall losses due to rainfall were much lower than from common cabbage plants (W = 16962; P 
< 0.001) (Figure 2.14A and B). In the case of Chinese cabbage plants, egg losses from the abaxial 
surface of leaf-2 (2.5%), adaxial surface of leaf-2 (4%), abaxial surface of leaf-6 (3.5%) and adaxial 
surfaces of leaf-6 (7.5%) of plants exposed to rainfall were significantly higher than the egg losses 
from the corresponding surfaces of control plants (W ≥ 137; P < 0.05), not exposed to rainfall (Figure 
2.14). 
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Figure 2.14 Mean (± SE) of per cent egg losses from the oviposition sites on A) common cabbage 
(Kruskal-Wallis chi-squared = 49.28; P < 0.001) and B) Chinese cabbage (Kruskal-Wallis chi-
squared = 2.67; P > 0.05) plants (W = 16962; P < 0.001) by the simulated rainfall event of 5.6 (± 
0.10) cm h-1 for 3 min. Means marked with the same letters are statistically not different (Kruskal-
Wallis multiple mean range test, P > 0.05). Egg losses from the petioles (W = 40; P < 0.001), adaxial 
(W = 40; P < 0.001) and abaxial (W = 117; P < 0.01) surfaces of leaf-2 and adaxial (W = 17.5; P < 
0.001) and abaxial (W = 103; P < 0.001) surfaces of leaf-6 of common cabbage plants and from the 
adaxial (W = 150; P < 0.05) and abaxial surfaces (W = 150; P < 0.05) of leaf-2, abaxial surface (W = 
140; P < 0.05) and the adaxial surface (W = 137; P < 0.05) of leaf-6 of Chinese cabbage plants were 
significantly higher than the egg losses from respective oviposition sites of control plants.  
 
In common cabbage plants, oviposition sites significantly affected the effect of rainfall on eggs 
(Kruskal-Wallis chi-squared = 49.28; P < 0.001); significantly more eggs were removed from the 
adaxial surfaces of leaf-6 (P < 0.05) than from other plant parts. Fewest eggs were removed from 
stems and the abaxial surfaces of leaf-2. Egg losses from the adaxial surfaces of leaf-2 were 
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significantly higher (P < 0.05) than losses from the abaxial surfaces of leaf-6 but they were not 
significantly different from the egg losses from the petioles (P > 0.05). In Chinese cabbage plants, 
oviposition site did not affect the removal of eggs by rainfall (Kruskal -Wallis chi-squared = 1.78; P 
> 0.05) (Figure 2.14). 
 
2.4.5.2 Rainfall effects on eggs of different ages  
Egg age affected loss from the leaves of common cabbage, the difference was significant for adaxial 
surfaces of leaf-2 (W = 111.50; P < 0.05), where rainfall caused 39% losses of aged eggs and 20% 
losses of freshly laid eggs (Figure 2.15A), but losses of young (45%) and aged eggs (55%) from the 
adaxial surfaces of leaf-6 were not significantly different (P > 0.05).  
 
 
 
Figure 2.15 Mean (± SE) of per cent losses of younger eggs (< 24 h old) and older eggs (> 48 h old) 
from A) the adaxial surfaces of leaf-2 (W = 111.5; P < 0.05) and leaf-6 (W = 155.5; P > 0.05) of 
common cabbage plants and from B) the adaxial surfaces of leaf-2 (W = 207.5; P > 0.05) and leaf-6 
(W = 202.5; P > 0.05) of Chinese cabbage plants by the rainfall of 5.6 (± 0.10) cm h-1 for 3 min. 
Columns within the same group marked with the same letter are not significantly different (P > 0.05). 
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In Chinese cabbage plants, average losses of young eggs (< 24 h old) and aged eggs (48 - 66 h old) 
from the adaxial surfaces of leaf-2 were 4% and 2.5% respectively and from leaf-6 they were 7.5% 
and 10% respectively. These differences were not significant; leaf-2 (W = 207.5; P > 0.05) and leaf-
6 (W = 202.5; P > 0.05) (Figure 2.15B).  
 
Post-oviposition intervals significantly affected the retention of eggs on leaf surfaces (F3,76 = 3.67; P 
< 0.05) (Figure 2.16). When eggs were exposed to water droplets immediately after laying or ≥ 72 h 
after oviposition (close to hatching), they were more likely to be removed by the droplets than eggs 
laid 48 h previously (LSD; P > 0.05). The retention of ≥ 72 h old eggs was not statistically different 
from the retention of 24 h old eggs or eggs immediately after laying (LSD; P > 0.05). However, the 
retention of eggs immediately after laying was lower than that of eggs laid 24 h previously (LSD; P 
< 0.05). 
 
Figure 2.16 Average number of direct hits by droplets (± SE) needed to remove eggs at 0 h, 24 h, 48 
h and 72 h post oviposition on the adaxial surfaces of leaf-6 of common cabbage plants (F3,76 = 3.67; 
P < 0.05). Means marked with the same letters are statistically not different (LSD; P > 0.05). 
 
2.4.5.3 Canopy effects on the impact of rainfall on eggs 
Egg losses from the surfaces of leaf-2 were significantly increased when leaf-2 was exposed to direct 
rainfall by removing the covering leaves (leaf-7) of common cabbage plants (Kruskal-Wallis chi-
squared = 19.18; P < 0.001) (Figure 2.17A), but in Chinese cabbage plants, losses from the surfaces 
of leaf-2 in intact plants were not statistically different to the losses from the surfaces of exposed leaf-
2 (Figure 2.17B). On average 11% of eggs were removed from abaxial surfaces of common cabbage 
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plants when they were exposed to direct rainfall, this was significantly higher (LSD; P < 0.05) than 
the egg losses (3%) from the same surfaces when they were covered by the upper leaves. Similarly, 
significantly higher numbers of eggs (24%) were lost from the adaxial surfaces of leaf-2 when they 
were exposed to rainfall than the numbers lost from the adaxial surfaces of leaves (15%) covered by 
leaf-7 (LSD; P < 0.05) (Figure 2.17A). 
 
 
Figure 2.17 Mean % of egg loss (± SE) from the intact and exposed (when the covering leaf, leaf-7 
was removed) abaxial and adaxial surfaces of leaf-2 of A) common cabbage plants (Kruskal-Wallis 
chi-squared = 19.18; P < 0.001) and B) Chinese cabbage plants (Kruskal-Wallis chi-squared = 3.78; 
P > 0.05). Columns marked with the same letter are not significantly different (Kruskal-Wallis 
multiple mean range test, P > 0.05). 
 
For Chinese cabbage plants, on average 2% eggs were lost from the abaxial surfaces of leaf-2 (both 
covered and exposed leaves) and the average egg losses from the adaxial surfaces of leaf-2 were 3% 
and 7% in covered and exposed treatments respectively. Egg losses from covered and exposed abaxial 
and adaxial surfaces of leaf-2 of Chinese cabbage plants were not statistically different (LSD; P > 
0.05) (Figure 2.17B).  
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2.5 Discussion  
Oviposition of DBM is influenced by the chemical and morphological cues of host plants and by 
interactions between these factors (Hopkins et al. 2009; Textor and Gershenzon 2009; Spencer et al. 
1999; Spencer 1996; Pivnick et al. 1990b). In common cabbage plants, eggs were concentrated on 
lower leaves, mostly on leaf-2, leaf-3 and leaf-4. (Figure 2.11A). Females laid eggs throughout 
Chinese cabbage plants, with higher numbers on leaf-6, leaf-7 and leaf-8 (Figure 2.11D). Previous 
studies (Ang et al. 2016; Ang et al. 2014; Silva and Furlong 2012) have found oviposition behaviour 
of DBM is host-plant specific. Females responded differently to common cabbage and Chinese 
cabbage plants when laying eggs and where eggs are laid is driven by relative leaf position rather 
than by leaf identity (Ang et al. 2014).  
 
The physical appearance of Brassica plants and their chemical cues help female DBM to identify 
them as hosts (Badenes-Perez et al. 2014; Moreau et al. 2006; Ode 2006; Bukovinszky et al. 2005; 
Justus and Mitchell 1996) and the characteristics of the plant surface and post alighting activities 
influence the oviposition sites (Ang et al. 2016; Reudler Talsma et al. 2008; Couty et al. 2006; 
Szendrei and Isaacs 2005; Degen and Städler 1997). In agreement with previous studies (Talekar et 
al. 1994; Tabashnik and Mau 1986), DBM laid more eggs on adaxial surfaces than abaxial surfaces 
(Figure 2.11B and E). Possible explanations for this are that females typically alight on the adaxial 
surfaces of leaves and they might be oriented to the adaxial surfaces by chemical or physical stimuli 
(Ang et al. 2016; Silva and Furlong 2012; Badenes-Perez et al. 2004; Spencer et al. 1999; Spencer 
1996; Pivnick et al. 1990b; Uematsu and Sakanoshita 1989; Lu et al. 1988). On the adaxial surfaces 
of leaves of cabbage plants, leaf veins are usually slightly indented and concave whereas veins are 
slightly raised on the abaxial leaf surfaces. These structural differences may influence the choice of 
oviposition site and higher numbers of eggs laid in the veins (Figure 2.11C and F) suggests a 
preference for laying eggs in concavities (Gupta and Thorsteinson 1960) which might further explain 
the preference for adaxial leaf surfaces for oviposition. 
 
Understanding the oviposition behaviour of DBM and how eggs are distributed is important for 
understanding the likely the effects of rainfall (Kobori and Amano 2003). Survival of eggs and the 
larvae that subsequently hatch is dependent on oviposition behaviour (Kobori and Amano 2003; 
Sivapragasam et al. 1988; Tabashnik and Mau 1986). Rainfall caused a significant reduction of eggs 
from most of the oviposition sites of Chinese cabbage plants and in particular common cabbage. In 
both plants, more eggs were removed from the upper leaves (e.g. leaf-6) than the lower leaves (e.g. 
leaf-2). The higher removal of eggs from the upper leaves could be because these leaves are more 
exposed to the direct and indirect impacts of rainfall or it could be that eggs on upper leaves are not 
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as strongly attached to the surface as they are on lower leaves. This may be due to different surface 
properties between the leaves but upper leaves also expand more quickly than lower leaves and this 
might also contribute to the weakening of the bonds between eggs and the leaf surface (Kyi et al. 
1991). Direct exposure to rainfall causes eggs to be washed off leaves (Kobori and Amano 2003). 
More eggs were removed from the surfaces of leaf-2 of common cabbage plants when leaf-7, which 
covers leaf-2 in intact plants was removed (Figure 2.9). This suggests that the protection from the 
impacts of direct rainfall afforded by leaves higher in the plant canopy is important for eggs laid on 
the lower leaves. Similarly, egg removal was higher from the adaxial surfaces of leaves than from the 
abaxial surfaces of leaves. Raindrops directly strike the adaxial surfaces of leaves and as a result of 
this mechanical force, eggs were dislodged more readily than from the abaxial surfaces. According 
to Kobori and Amano (2003), eggs on the abaxial surfaces and lower leaves are less likely to come 
into direct contact with impacting raindrops; however, leaf vibrations caused by the impact of rainfall 
on adaxial surfaces can also lead to the removal of eggs from abaxial leaf surfaces (Wakisaka et al. 
1992) and this is likely to have contributed to the losses of eggs from abaxial surfaces reported here 
(Figure 2.14 and Figure 2.17) 
 
No eggs were found on the short stems of Chinese cabbage plants (Figure 2.14B). On common 
cabbage plants, DBM laid most eggs on the stem internodes below the leaf-3 and these eggs remained 
protected from the impacts of rainfall by the upper leaves (Figure 2.14A). However, rainfall caused 
significant egg losses from the leaf petioles (leaves 1 - 3) of common cabbage plants (Figure 2.14A). 
Apart from the leaf blade, DBM laid negligible number of eggs on the short petioles of Chinese 
cabbage plants (Figure 2.11E), consequently, rainfall effects on eggs on petioles of Chinese cabbage 
plants were not investigated.  
 
Of the two hosts tested, eggs were more susceptible to rainfall on common cabbage plants (Figure 
2.14A and B). The results clearly indicate that the architectural, morphological, and chemical 
differences between the host plants have important effects on the impact of rainfall on eggs. Usually, 
common cabbage leaves contain more wax crystals than Chinese cabbage leaves (Tadle 2017) and 
the wax content of the oviposition sites affects the quality of egg adhesions. In wax-free leaves, eggs 
remain strongly attached to leaf surfaces (Uematsu and Sakanoshita 1989) and this may account for 
the reduced susceptibility of eggs on Chinese cabbage leaves to rainfall. In Chinese cabbage plants, 
almost all eggs were laid in or near veins (Figure 2.11F). The veins of Chinese cabbage leaves are 
deeper compared to those of common cabbage leaves and may provide better support to the eggs 
allowing them to remain attached. More specific observations focusing on the differences between 
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the surface characters and rainfall effects on eggs are required to determine more precisely if better 
egg adhesion in leaf veins results in greater egg tolerance to the physical effects of rainfall.  
 
Structural features of oviposition sites such as veins and the presence of wax crystals (Riggin-Bucci 
et al. 1998; Riggin-Bucci and Gould 1996) influenced oviposition. On common cabbage leaves, more 
eggs were laid in clusters compared to Chinese cabbage leaves (Figure 2.12A). The laying of more 
eggs in clusters on intact, untreated leaves of cabbage leaves and more eggs singly on wax-free 
cabbage leaves (Figure 2.13) suggests that, in the presence of wax crystals, eggs cannot be securely 
attached to the leaf substrate but when waxes are removed, egg adhesion is improved. Similarly, the 
proportion of eggs laid in clusters was higher on leaf laminas than in leaf veins. As discussed above, 
eggs laid in the veins might be better secured to the substrate than those laid on the leaf lamina and 
this might explain why eggs are more likely to be laid in clusters on parts of the leaf where such good 
adhesion to the substrate cannot be achieved. In separate experiments, eggs laid singly on waxy leaves 
were found more easily washed off by rainfall then eggs laid singly on wax-free leaves and eggs laid 
in clusters were less affected by rainfall than single eggs (Chapter 4; section 4.4.1 and 4.4.5). This 
suggests that eggs within clusters might provide support for each other, thereby reducing the chance 
of being washed off by a rainfall event.  
 
The time since oviposition affected egg susceptibility to rainfall. In rainfall simulation experiments, 
aged eggs (> 48 h old) were more vulnerable to the impacts of rainfall than younger eggs (< 24 h old) 
(Figure 2.15A and B). Kyi et al. (1991) working with Helicoverpa armigera (Hübner) (Lepidoptera: 
Noctuidae) on cotton also found that the eggs near to hatching were more vulnerable to rainfall. Our 
results suggest that the bond between leaves and eggs became weaker with increasing time post 
oviposition. Using more precise observation with single droplets, it was clear that immediately after 
laying eggs were most susceptible to rainfall and the susceptibility was reduced with increasing time 
after oviposition until they approached hatching (Figure 2.16). The reasons for this are not entirely 
clear but immediately after laying the adhesive fastening the egg to the substrate may remain wet and 
as this dries egg adhesion may increase. However, as hatching is approached, the egg chorion may 
become fragile and the bond between eggs and leaf surface may become weakened due to time effects 
and expansion of leaves (Kyi et al. 1991). 
 
Rainfall events are likely to be a major source of mortality of DBM eggs (Wakisaka et al. 1992; 
Sivapragasam et al. 1988), but its effects vary considerably between different host plants and between 
different oviposition sites within plants. Eggs are easily washed off from common cabbage plants but 
laying eggs on the lower leaves and on lower internodes of stems reduces the direct impact of rainfall 
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as eggs laid at these sites receive protection from the plant canopy, resulting in reduced egg removal. 
Eggs in the clusters and veins are better attached to host plants, again affording protection from the 
direct impacts of rainfall. The age of eggs and the nature of the oviposition site substrate influenced 
the impact of rainfall on eggs; on waxy substrates, eggs are more likely to be laid in clusters which 
are more resistant to rainfall than eggs laid singly on the same substrates, this might be an adaptation 
to reduce the impact of rainfall.
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Chapter 3 Rainfall and the survival of diamondback moth neonates and later instar larvae 
on common cabbage and Chinese cabbage plants 
 
3.1 Abstract  
Neonates and later instar larvae of diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: 
Plutellidae) are vulnerable to the impacts of rainfall. The severity of these impacts depends on many 
factors, including the feeding behaviour of larvae and their physical characteristics. Neonate larvae 
released at typical oviposition sites on Chinese cabbage plants spent > 1 h searching for feeding sites 
and moved between 3 and 72 cm depending on the hatching site prior to establishing feeding sites. 
On both Chinese cabbage and common cabbage host plants, larvae spent more time on the abaxial 
surface of leaves and were more likely to establish mines on this surface than on the adaxial surface, 
irrespective of hatching site. Exposure of neonates to simulated rainfall (of 5.6 (± 0.10) cm h-1 for 3 
min) caused significant neonate mortality but the proportion of exposed larvae killed by rainfall 
declined with increasing time after release (= time after hatching). On Chinese cabbage plants, ≈ 40% 
of neonates were killed when exposed to simulated rainfall within 5 min of release, but mortality 
decreased rapidly as the interval between release and rainfall exposure increased; when larvae were 
exposed to rainfall 2 h after release there was no significant effect on survival. On common cabbage 
plants ≈ 65% of neonates were killed when exposed to simulated rainfall within 5 min and 30 mins 
of release and although mortality decreased as the interval between release and rainfall exposure 
increased it did so more slowly than on Chinese cabbage; exposure to rainfall caused significant larval 
mortality up to 4 h after release. Simulated rainfall also affected later instar larvae; 2nd instar larvae 
were more susceptible than 3rd and 4th instar larvae, but unlike neonates, these later stages were no 
more susceptible to rainfall on common cabbage plants than on Chinese cabbage plants and increasing 
the duration of rainfall from 3 min to 9 min caused no additional mortality of larvae of any stage. 
Rainfall had no effect on the survival of pupae on either host plant. The movement of neonate larvae 
was significantly affected on wet leaves, disrupting intra-leaf movement to establish feeding sites on 
Chinese cabbage leaves and disrupting inter-leaf movement to suitable leaves on common cabbage 
plants. When dislodged from plants on to the surface of wet soil, most later stage larvae could relocate 
host plants, but only very small numbers of neonates were able to do so.  
 
3.2 Introduction 
The diamondback moth (DBM), Plutella xylostella (L.) (Lepidoptera: Plutellidae) is the most 
economically damaging pest of Brassicaceae crops worldwide (Furlong et al. 2013; Zalucki et al. 
2012b; Ahuja et al. 2010), with annual management costs estimated to be up to US$5 billion (Zalucki 
et al. 2012b). First instar larvae typically feed in mines beneath the leaf epidermis, whereas the 2nd 
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and subsequent larval instars feed externally on leaves (Sivapragasam et al. 1988). Final instar larvae 
are voracious feeders and typically consume up to 80% of total leaf area eaten by larvae during 
development (Morishita and Azuma 1990).  
 
In general, lepidopteran larvae are slow moving, soft-bodied, insects that are directly susceptible to a 
wide variety of biotic and abiotic mortality factors (Sarfraz et al. 2007; Liu et al. 2004a; Kim and Lee 
2002; Zalucki et al. 2002; Tsai and Wang 2001; Ramachandran et al. 1998); these often act in concert 
(Klapwijk et al. 2012; Turchin et al. 2003). The susceptibility of DBM larvae to these biotic and 
abiotic mortality factors have been investigated (Li et al. 2016a; Marchioro and Foerster 2016; 
Furlong et al. 2013; Furlong et al. 2004a; Wakisaka et al. 1992; Sivapragasam et al. 1988) and the 
more exposed externally feeding 2nd and later instar larvae are more susceptible to the various 
mortality factors than the concealed neonates (Zalucki et al. 2002). However, before feeding site 
establishment neonates are typically more vulnerable to mortality (Kyi et al. 1991) and must 
overcome unfavourable plant characters prior to establishing on a food plant (Zalucki et al. 2012a; 
Cribb et al. 2010; Shelomi et al. 2010; Perkins et al. 2008; Zalucki et al. 2002; Zalucki et al. 2001b; 
Lin et al. 1987).  
 
Among the abiotic mortality factors, rainfall has been identified as a key mortality factor, and DBM 
eggs and neonates are reported to be the stages most affected (Ayalew et al. 2006; Guilloux et al. 
2003; Sivapragasam et al. 1988; Iga 1985). Larvae can be dislodged by the direct impact of rainfall 
(Ahmad and Ansari 2010; Wakisaka et al. 1992; Talekar et al. 1986; Harcourt 1963) or dislodged 
from host plants by its indirect impact (Kobori and Amano 2003; Sivapragasam et al. 1988). 
Dislodged neonates rarely re-establish on their host plants and once removed they either die 
(Sivapragasam et al. 1988; Iga 1985; Harcourt 1963), cannot relocate the plant (Zalucki et al. 2002; 
Wakisaka et al. 1992) or are drowned and/or washed away by rainwater (Wakisaka et al. 1992). Like 
natural rainfall, simulated rainfall affects DBM neonates adversely (Wakisaka et al. 1992) and it has 
been suggested that sprinkler irrigation could be an effective tool for DBM management (Mchugh 
and Foster 1995; Keinmeesuke et al. 1992; Tabashnik and Mau 1986; Talekar et al. 1986).  
 
Once neonates establish feeding sites beneath the epidermis of host plant leaves they may be less 
susceptible to some mortality factors (Zalucki et al. 2002) but the time between hatching from eggs 
and establishing their first feeding site is the most critical period for the neonates, as they remain 
exposed to many mortality factors (Shelomi et al. 2010; Foster and Howard 1999). Generally, 
neonates are dependent on their mother for host plant selection (Löhr and Gathu 2002). In DBM, 
oviposition site choices of females and feeding site choices of neonates are host plant specific (Ang 
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et al. 2016; Ang et al. 2014; Silva and Furlong 2012; Pereira et al. 2007b; Reddy et al. 2004). 
Typically, ovipositing female DBM lay their eggs on the younger (upper) leaves of Chinese cabbage 
(B. rapa) plants, close to the preferred feeding sites of neonate larvae (Silva and Furlong, 2012). 
Conversely, in common cabbage (B. oleracea) plants the preferred oviposition sites are on the older 
(lower) leaves which may be located some distance from the younger upper leaves where neonates 
prefer to feed (Silva and Furlong 2012). Thus, oviposition site selection by female moths and the site 
proximity to neonate feeding sites can profoundly affect the time over which neonates are exposed to 
some abiotic (e.g. rainfall) and some biotic (e.g. predation) mortality factors. Immediately after 
hatching, neonates start moving to locate a suitable feeding site (Pereira et al. 2007b) and may travel 
a comparatively long distance and spend several hours foraging before a feeding site is established 
(Silva and Furlong 2012; Kobori and Amano 2003; Berger 1992; Saxena and Onyango 1991). The 
time to establish a feeding site depends on plant characters (Perkins et al. 2010; Yang et al. 1993; 
Lawton 1983) and on where eggs are located. Like neonates, the later instar larvae and pupae of DBM 
are vulnerable to rainfall (Ahmad and Ansari 2010; Kobori and Amano 2003; Wakisaka et al. 1992; 
Talekar et al. 1986; Iga 1985; Harcourt 1963) and they can be dislodged and drowned by the 
rainwater. 
 
The natural distribution of neonates and older larvae on host plants is initially determined by the 
oviposition behaviour of females and subsequently by the behaviour of larvae and it needs to be 
incorporated into assessments of rainfall effects on DBM survival. The behaviour of neonates when 
establishing their feeding sites is particularly important. Understanding the direct and indirect effects 
of rainfall on the behaviour and development of neonates is necessary for a precise understanding of 
the full range of impacts that rainfall can have on DBM. In this chapter, I report studies that 
investigated the effects of rainfall on all larval stages on common cabbage and Chinese cabbage plants 
and complementary studies that investigated the ability of larvae to return to their host plants 
following dislodgement by rainfall.  
 
3.3 Materials and methods 
3.3.1 Plants  
Common cabbage (Brassica oleracea Capitata cv. Sugarloaf) and Chinese cabbage (B. rapa 
Pekinensis cv. Wombok) plants of similar age and stage of development were used in all experiments. 
Seedlings at the 4-leaf stage (Bunnings Warehouse, Oxley, QLD, Australia) were transplanted into 
pots (12 cm diameter) containing organic potting mixture (70% composted pine bark (0 - 5 mm) and 
30% coco peat; pH 5.5 - 6.5) supplemented with slow-release fertilizer (Osmocote (N:P:K, 16:35:10); 
Scotts Australia, Baulkham Hills, NSW, Australia) and grown in a ventilated greenhouse maintained 
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at 20 - 28°C. Unless indicated otherwise, plants were used in experiments 3 weeks after transplanting, 
when they were at the 10-leaf stage. Within plants, leaves were numbered sequentially, starting at the 
1st true leaf (Chapter 2; section 2.4.1).  
 
3.3.2 Insects  
DBM adults were taken from a laboratory culture that was started in 2003 with larvae collected from 
an experimental broccoli crop at Gatton Research Station, Gatton, QLD, Australia (Silva and Furlong 
2012). The culture has been supplemented with field-collected material regularly since then. Freshly 
eclosed adult moths were released into a nylon mesh oviposition cage (45 cm × 45 cm × 45 cm) and 
held in a rearing room (22 ± 2°C, L12: D12) where moths could mate. Honey solution (10% (wt/ vol) 
was provided as a food source. A single host plant was exposed to females overnight for oviposition; 
plants were replaced daily for 4 days. Plants bearing eggs were maintained separately until larvae 
developed to the 2nd instar. Then the stem and leaves of the plants were cut and placed into a ventilated 
plastic box (40 × 25 × 10 cm) containing moistened paper towel. Fresh cabbage leaves were supplied 
for larvae to feed on and old foliage was removed daily or as required. Pupae were collected and 
stored (Petri dishes, 5 cm diameter) in a refrigerator (4°C) for up to 2 weeks before being used to 
maintain the culture or to provide adults for experiments. 
 
To provide synchronized cohorts of larvae of different instars for use in experiments, single common 
cabbage and single Chinese cabbage plants of the same age (10-leaf stage) were placed in a nylon 
oviposition cage containing young gravid DBM moths for 2 h to obtain eggs on each plant. Following 
oviposition, plants were kept in an incubator at 25°C for development of eggs. This procedure was 
repeated at 2 day intervals so that cohorts of insects 2 days apart were prepared so that synchronized 
cohorts of 2nd, 3rd and 4th instar larvae were available simultaneously. Larvae were used in the 
experiment when the larvae of the first batch developed to the 4th instar.  
 
3.3.3 Rainfall simulation 
A rainfall simulator (Chapter 2; section 2.4.5.1) was used to generate rainfall at a constant intensity 
of 5.6 (± 0.10) cm h-1 that was maintained throughout the experiments. Sweep control motors were 
programmed to give a 5 s delay to maintain 12 sweeps min-1 over the area. For any given rainfall 
treatment, 6 plants were exposed to rainfall at a time. 
 
3.3.4 The effect of post-mating interval on post oviposition incubation period of eggs  
To investigate the effects of post-mating intervals prior to oviposition on the incubation period of 
eggs after oviposition, individual female moths (< 12 h old) were held with individual male moths in 
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Petri dishes (5 cm diameter) for mating (n = 28). Moths were observed constantly after pairing and, 
once mating had been observed, male moths were removed. Mated females were immediately 
supplied with pieces of cabbage leaf as an oviposition substrate and allowed to oviposit for 1 h. The 
cabbage leaves were then removed, and the number of eggs laid by each female on each piece of leaf 
was determined. The female moths were held (22 ± 2°C, L12: D12) for a further 2 h before they were 
supplied with a piece of cabbage leaf and allowed to oviposit for 1 h before the leaf was removed and 
the number of eggs laid by each female on each piece of leaf was determined. Females were held for 
a further 45 and 48 h (22 ± 2°C, L12: D12) before this process was repeated again. Following 
oviposition, cabbage leaves with eggs were kept in separate Petri dishes (5 cm diameter) and held in 
a sealed plastic box containing damp tissue paper to prevent desiccation. For eggs collected at each 
post-mating interval, half of the cabbage leaves (n = 14) were incubated at 25°C (L12: D12) and the 
remaining half were incubated at 20°C (L12: D12). Eggs were examined every 6 h and when they 
began to hatch they were examined every hour and the number hatching at each time interval was 
recorded.  
 
3.3.5 The impact of rainfall on mature eggs (close to hatching) and neonates on Chinese 
cabbage and common cabbage plants 
To determine the effects of rainfall on mature eggs that were close to hatching, 10 eggs were localised 
on the adaxial surfaces of lower leaves (leaf-2 to leaf-4) of common cabbage plants (n = 10) and the 
upper leaves (leaf-6 to leaf 8) of Chinese cabbage plants (n = 12) using the clip cage method (Chapter 
2; section 2.4.6). Plants and eggs were incubated at 25°C for 60 h and then exposed to simulated 
rainfall. To determine rainfall effects on neonates, insects that were literally just crawling out from 
the eggs (described above) were transferred to the lower leaves (leaf-2, leaf-3, leaf-4) of cabbage 
plants and upper leaves (leaf-6, leaf-7, leaf-8) of Chinese cabbage plants. Neonates placed on 
common cabbage and Chinese cabbage had been obtained from the cultures on common cabbage and 
Chinese cabbage plants respectively. For each plant, 10 neonates were randomly released on the 
respective treatment leaves. A total of 164 cabbage plants (80 common cabbage and 84 Chinese 
cabbage) were used in the experiment using a completely randomized design for each cabbage species 
and each plant was considered a replicate. Plants, along with neonates were exposed to rainfall (5.6 
(± 0.10) cm h-1 for 3 min) 5 min, 30 min, 1 h, 2 h and 4 h after neonate release (= hatching). In each 
batch, 10 common cabbage plants and 12 Chinese cabbage plants were exposed to rainfall and for 
common cabbage plants, an additional 10 plants were exposed to rainfall with neonates released 3 h 
previously. This extra treatment was included to determine if rainfall impacted on neonates over a 
greater perod of time as, on cabbage plants, they tend to move greater distances and take longer to 
establish feeding sites than on Chinese cabbage plants. In addition, 10 common cabbage and 12 
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Chinese cabbage plants onto which neonates had been released were maintained as controls to 
account for handling effects, these plants were placed under the rainfall simulator for 3 min but not 
exposed to simulated rainfall. For each exposure time, 6 plants were randomly selected from the 
different treatments for exposure to simulated rainfall. After the rainfall events, all plants were kept 
at 25ºC for a further 3 days and then the number of larvae that survived and developed to the 2nd instar 
was determined.  
 
3.3.6 Behaviour of neonates on wet and dry host plant leaves 
Neonate behaviour was investigated on wet (misted three times with an atomiser (1 spray = 0.19 (± 
0.0006) µl water; moisture maintained by re-misting every 20 minutes) and dry (no misting) leaves 
of Chinese cabbage plants (leaf-6, leaf-7, leaf-8) and on wet (misted three times; moisture maintained 
by re-misting every 10 minutes) leaves (leaf-2) of common cabbage plants. Neonates that had hatched 
< 10 s previously were released on the adaxial surface (n = 15) or the abaxial surface (n = 15) of test 
plants using a completely randomized design where each plant was considered a replicate. After 
release, the time taken for neonates to establish a feeding site, the distance moved from the release 
point to the feeding site, the time taken to initiate feeding and the time to complete mining into the 
wet and dry leaves were recorded. The distance moved by neonates was marked on the leaf surface 
and then a piece of nylon string (marked with mm scale) was used to measure the distance moved. 
Any larva which did not mine by 7 h post-release was discarded. The movements of neonates were 
observed under a microscope and photographed (Dino-Lite, digital microscope, premier, model: 
AM4013MZT).  
 
3.3.7 Development of neonates on wet and dry host plant leaves 
Single neonates (hatched < 10 s previously) were released onto the adaxial surface of leaf-2 of 20 
common cabbage plants using completely randomized design where each plant was considered a 
replicate. The leaves of 10 cabbage plants, were misted with an atomizer (1 spray = 0.19 (± 0.0006) 
µl) at 10 min intervals for 7 h and the remaining plants (n = 10) were kept dry. After 7 h, all plants 
were transferred to an incubator at 25°C (L12: D12) for 80 h, so that larvae developed through to 2nd 
instars. At this point, larvae were removed from plants and individually weighed using an electronic 
balance (Mettler Toledo, model number: XS3DU).  
 
3.3.8 Effects of rainfall on the survival of 2nd, 3rd and 4th instar larvae and pupae 
A total of 150 common cabbage and 150 Chinese cabbage plants, all at the 9 or 10 leaf stage, were 
used in experiments using a completely randomized design where each plant was considered a 
replicate. Ten larvae of the required stage were transferred on to the central leaves (leaf-5, leaf-6, 
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leaf-7 or leaf-8) of common cabbage (n = 10 plants) and Chinese cabbage (n = 10) plants. To ensure 
that larvae distributed themselves at typical feeding sites within plants, they were introduced onto test 
plants 1 - 2 days prior to exposure to rainfall. Thus, to test the effects of rainfall on the survival of 2nd 
instar larvae, early 2nd instar larvae were introduced onto plants 1 day prior to testing, to test the 
effects of rainfall on 3rd instar larvae, late 2nd instar larvae were released onto plants 2 days before 
testing and to test the effects of rainfall on the survival of 4th instar larvae, late 3rd instar larvae were 
released onto plants 2 days before testing. To ensure that pupae formed in realistic pupation sites, late 
4th instar larvae were released onto plants and allowed 2 days to pupate. Infested plants were then 
randomly allocated to groups (6 plants per group) and exposed to either 3 min or 9 minutes of 
simulated rainfall (5.6 (± 0.10) cm h-1) as previously described. Appropriate control plants for 9 min 
exposures were also treated in the simulator as previously described. After exposure treated and 
control plants were immediately removed from the rainfall simulator to ensure that no larvae could 
return to the plants which were kept for about 1 h until they had air-dried. Then the number of larvae 
and pupae remaining on each was determined. In order to test whether insects that were dislodged by 
rainfall could re-establish on common cabbage and Chinese cabbage plants, further plants of each 
species infested with 2nd, 3rd or 4th instar larvae (n = 10 for each species and larval stage) were exposed 
to simulated rainfall for 9 min. These plants were left in the simulator for 2 h after rainfall exposure 
before the number of larvae remaining on each was assessed and recorded.  
 
3.3.9 Ability of larvae to traverse wet soil and locate host plants 
To simulate wet field conditions in the laboratory, cabbage seedlings were planted into water 
saturated potting mix (5 cm deep) in seedling trays (33 cm × 28 cm) that were sealed at the base to 
prevent water drainage. Four cabbage seedlings were planted along each side of a tray such that 
adjacent plants were 28 cm apart. Five larvae of a given instar (neonate, 2nd, 3rd and 4th instars) were 
released onto the surface of the potting mix in the centre of the tray, approximately 14 cm away from 
the plants. In additional trays, cabbage seedlings were planted 5 cm from the centre of the tray (8 
trays) and 10 cm from the centre of the tray (8 trays). In each of these trays, 5 neonate larvae were 
released onto the surface of the potting mix in the centre of the tray. When larvae were released they 
were misted 3 times (1 spray = 0.19 (± 0.0006) µl) with an atomizer to wet them and simulate 
exposure to rainfall. Eight trays were prepared in this way for each instar. All trays were used in a 
completely randomized design where each tray was considered a replicate. The following day the 
stem of each seedling was cut at the soil surface and the plant carefully inspected using a hand 
magnifying lens. The number of larvae on each seedling was then recorded.  
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3.3.10 Statistical analysis 
Shapiro-Wilk tests were performed to determine the distribution of the data. When data were not 
normally distributed, log10(x) or log10(x + 1) transformations were applied to count data and arcsine-
square root transformations were applied to proportion data (e.g. data on per cent larval/ pupal missing 
after rainfall events). Independent t-tests and one-way ANOVA followed by LSD tests were 
conducted to differentiate the levels of predictors and means were back transformed for presentation. 
All statistical analyses were performed using R (R Core Team 2017).  
 
3.4 Results  
3.4.1 The effect of post-mating interval on post oviposition incubation period of eggs  
When eggs were incubated at 20°C, the egg incubation period was affected by the post-mating time 
interval (F3,728 = 10.62; P < 0.001) (Figure 3.1). Eggs laid 1 h, 3 h, 48 h and 51 h after mating hatched 
107.2 h, 107.7 h, 106.5 h and 104.3 h later respectively (Figure 3.1); the incubation period was 
significantly longer for eggs laid within 1 h of mating than for eggs laid 51 h after mating (LSD; P < 
0.05). There was no difference in the incubation period for eggs laid 1 h and 3 h after mating, or 1 h 
and 48 h after mating (LSD; P > 0.05 in each case), but the incubation period of eggs laid 3 h after 
mating was significantly longer than that of eggs laid 48 h and 51 h after mating of mating (LSD; P 
< 0.05 in each case) and the incubation period of eggs laid 48 h after mating was significantly longer 
than that of eggs laid 51 h after mating (LSD; P < 0.05) (Figure 3.1).  
 
Figure 3.1 Mean (± SE) incubation periods for eggs laid at different times post mating at 20°C (F3,728 
= 10.62; P < 0.001). Bars marked with different letters are significantly different (LSD; P < 0.05). 
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Similarly, when eggs were incubated at 25°C, the average egg incubation period was affected by post-
mating time interval (F3,858 = 26; P < 0.001) (Figure 3.2). The average incubation periods for eggs 
laid 1 h, 3 h, 48 h and 51 h after mating were 69.3 h, 68.4 h, 68.0 h, and 67.0 h respectively (Figure 
3.2). The incubation period was longest of eggs laid within 1 h of mating (LSD; P < 0.05) and was 
significantly shortest for eggs laid after 51 h of mating (LSD; P < 0.05). Incubation period of eggs 
laid 3 h and 48 h after mating were not significantly different (LSD; P > 0.05) but were significantly 
lower (LSD; P < 0.05) than the incubation period of eggs laid within 1 h of mating and significantly 
higher (LSD; P < 0.05) than the incubation period of eggs laid 51 h after mating (Figure 3.2).  
 
Figure 3.2 Mean (± SE) incubation periods for eggs laid at different times post mating at 25°C (F3,858 
= 26.58; P < 0.001). Bars marked with different letters are significantly different (LSD; P < 0.05). 
 
3.4.2 The impact of rainfall on mature eggs (close to hatch) and neonates on Chinese cabbage 
and common cabbage plants 
Exposure to 3 min simulated rainfall removed approximately 40% of eggs from common cabbage 
plants but only 10% of eggs from Chinese cabbage plants (t = 5.618, df = 18; P < 0.001) (Figure 3.3). 
Rainfall adversely affected the survival of neonates on both host plants (Chinese cabbage: F6,77 = 
13.85; P < 0.001 and common cabbage: F7,72 = 19.88; P < 0.001), but overall neonate survival was 
lower on common cabbage than on Chinese cabbage plants (F1,134 = 197.14; P < 0.001) and on both 
plants the severity of the impact decreased with time since hatching (Figure 3.3). On Chinese cabbage 
plants, neonates were most affected by rainfall 5 min after hatching, with approximately 40% of 
larvae lost. Rainfall events at 30 min and 1 h post-hatching also significantly reduced the survival 
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rate of neonates (LSD; P < 0.05) (Figure 3.3). When neonates were exposed to simulated rainfall > 
2 h after hatching, survival rates were the same as in the controls (LSD; P > 0.05) (Figure 3.3). On 
common cabbage plants, neonates were most affected by rainfall events soon after hatching; only ≈ 
35% survived when exposed 5 min or 30 mins after hatching (LSD; P < 0.05) (Figure 3.3). Although 
neonate survival rates were higher when exposed to rainfall 1 h (survival ≈ 45%) and 2 h (survival ≈ 
50%) after hatching, survival rates at these times were still significantly lower than when neonates 
were exposed to simulated rainfall 3 h after hatching (LSD; P < 0.05), which was itself significantly 
lower than for control larvae (LSD; P < 0.05). When larvae were exposed to rainfall 4 h after hatching, 
survival rates were not significantly different to those in controls (LSD; P > 0.05) (Figure 3.3).  
 
 
Figure 3.3 Mean % of survival (± SE) of 2nd instar larvae after 3 min rainfall events (5.6 (± 0.10) 
cm h-1) on eggs 60 h after laying (HAL), neonates 5 min after hatching (MAH), 30 MAH, 1 h after 
hatching (HAH), 2 HAH, 3 HAH, 4 HAH and control larvae on common cabbage plants (F7,72 = 
19.88; P < 0.001) and on eggs 60 h after laying (HAL), neonates 5 min after hatching (MAH), 30 
MAH, 1 h after hatching (HAH), 2 HAH, 4 HAH and control larvae on Chinese cabbage plants (F6,77 
= 13.85; P < 0.001). For each plant, means marked with the same letters were not statistically different 
(LSD; P > 0.05). Survival of larvae on Chinese cabbage plants was significantly higher than on the 
common cabbage plants (F1,134 = 197.14; P < 0.001) and the loss of mature eggs was significantly 
higher on common cabbage plants than on Chinese cabbage plants (t = 5.618, df = 18; P < 0.001).  
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3.4.3 Behaviour of neonates on wet and dry host plant leaves 
On dry Chinese cabbage leaves, neonates initiated feeding more quickly when they began foraging 
on the abaxial surfaces of leaves (18 min) than when they began foraging on the adaxial surfaces of 
leaves (33 min) (t = 3.272, df = 23; P < 0.01) (Figure 3.4). Neonates spent more time foraging for a 
feeding site when they began foraging on the adaxial surfaces of leaves (85 min) than when they 
began foraging on the abaxial surfaces of leaves (55 min) (t = 2.065, df = 26; P < 0.05) (Figure 3.4). 
However, the time to complete mining after establishing feeding sites was not affected by the leaf 
surface on which foraging began (abaxial surface = 110 min, adaxial surface = 113 min, t = 0.391, df 
= 23; P > 0.05) (Figure 3.4). Irrespective of release sites, neonates spent significantly more time on 
abaxial leaf surfaces than on adaxial leaf surfaces (when they were released on abaxial surfaces they 
spent 43 (± 10) min on that surface and 3 (± 3) min on the adaxial surface while searching for feeding 
sites (t = 7.21, df = 24; P < 0.001) and when released on the adaxial surfaces they spent 45 (± 9) min 
on that surface but 26 (± 6) min on the abaxial surface (t = 2.52, df = 18; P < 0.05). Similarly, neonates 
were more likely to mine into abaxial surfaces, irrespective of where they were released (Figure 3.5). 
When released on the abaxial surface, > 90% established their mining site on that surface and when 
released on the adaxial surface ≈ 60% still established mines on the abaxial surface. Neonates moved 
further to establish a feeding site when they began foraging on the adaxial surface (39.8 cm) compared 
with the abaxial surface (20.0 cm) (t = 2.611, df = 27; P < 0.05). 
 
Figure 3.4 Mean time (± SE) (mins) for neonates to initiate feeding (t = 3.272, df = 23; P < 0.01), 
establish a feeding site (t = 2.065, df = 26; P < 0.05) and to complete mining (t = 0.391, df = 23; P > 
0.05) following release on abaxial and adaxial surfaces of the upper leaves (leaves 6 - 8) of Chinese 
cabbage. For each pair, bars marked with same letter are not statistically different (P > 0.05). 
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Figure 3.5 Proportion of mining sites on adaxial and abaxial surfaces when neonates were released 
on A) adaxial surfaces and on B) abaxial surfaces of Chinese cabbage. 
 
When neonates were released on wet leaves of common cabbage or Chinese cabbage plants, they 
spent significantly more time foraging on common cabbage leaves before they established a feeding 
site when compared with Chinese cabbage leaves (t = 2.93, df = 24; P < 0.01) (Figure 3.6A). 
However, once feeding began, the time to complete a leaf mine was not affected by the different host 
plants (t = 1.71, df = 28; P > 0.05) (Figure 3.6A).  
 
When neonates were released on the adaxial surface of dry leaves (leaf-2) of common cabbage plants 
the mean time taken to move to the abaxial surface was 7.9 min and the mean time taken to leave 
leaf-2 completely was 36.2 min (Figure 3.6B). Approximately 85% neonates visited the abaxial 
surface before leaving leaf-2 completely and only 13% of neonates established their mining sites on 
either surface of leaf-2. In the case of wet common cabbage leaves, neonates remained immobile on 
the wet surface for an average of 13 min after release (Figure 3.6B).  
 
The movement of neonates was also affected by wet leaf surfaces on both common cabbage and 
Chinese cabbage plants (F2,42 = 39.2; P < 0.001) when their movement were compared with on dry 
surfaces of Chinese cabbage leaves (Figure 3.6C). On Chinese cabbage leaves, neonates moved only 
3.2 cm on wet leaves whereas they moved ≈ 40 cm on dry leaves (Figure 3.6C). A similar result was 
recorded on wet common cabbage leaves; neonates only moved ≈ 3.8 cm before starting to mine into 
leaves, whereas on dry leaves, 87% of larvae left leaf-2 without beginning to mine. However, on 
common cabbage leaves 35% of neonates did not establish a mine even after 7 h. For both plants, all 
neonates that established a mine did so on the same wet leaf that they were released onto and only 
7% of neonates managed to reach abaxial leaf surfaces before establishing mining sites when they 
were released on wet adaxial surfaces.   
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Figure 3.6 A) Mean time (± SE) h spent by neonates searching for mining sites (t = 2.93, df = 24; P 
< 0.01) and completing mining (t = 1.71, df = 28; P > 0.05) when released on wet adaxial surfaces 
leaf-6 of Chinese cabbage and leaf-2 of common cabbage. For each pair, columns marked with the 
same letter are not significantly different (P > 0.05). B) Mean time (mins) spent by neonates released 
on the adaxial surface of leaf-2 of common cabbage plants before moving to the abaxial surface of 
leaf-2, to other leaves and before they started moving on wet leaves. C) Mean distance (± SE) cm 
travelled by neonates from preferred oviposition sites (lower leaves of common cabbage and upper 
leaves of Chinese cabbage) on wet common cabbage plants and wet and dry Chinese cabbage leaves 
(F2,42 = 39.2; P < 0.001). Columns marked with the same letter were not statistically different (P > 
0.05). 
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Under microscopic examination (Figure 3.7), neonates were often found trapped in small water 
droplets on the leaf surface and sometimes, very small water droplets were found attached to their 
bodies (Figure 3.7). 
 
Figure 3.7 Neonates on the wet adaxial surface of common cabbage leaves (50x magnification) where 
A) a neonate is trapped in a water droplet and B) small droplets are attached to the body of a neonate. 
 
3.4.4 Development of neonates on wet leaves and dry host plants 
The mean weight of 2nd instar larvae that developed on dry untreated common cabbage plants (258 
µg) was significantly greater (t = 2.319, df = 18; P < 0.05) than weight of 2nd instar larvae that 
developed on plants which were sprayed with water (180 µg) to maintain a wet surface for 7 h after 
neonates were released onto them (Figure 3.8).  
 
Figure 3.8 Mean weight (± SE) DBM larvae developing to the 2nd instar larvae on whole common 
cabbage plants following the release of neonate larvae on the adaxial surface of leaf-2 when that leaf 
was dry or misted with water (n = 10 larvae per treatment) (t = 2.319, df = 18; P < 0.05).  
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3.4.5 Effects of rainfall on the survival of 2nd, 3rd and 4th instar larvae and pupae 
Rainfall events (5.6 (± 0.10) cm h-1) of 3 min or 9 min duration caused significant losses of 2nd, 3rd 
and 4th instar larvae, but not pupae, from both host plants (Figure 3.9). On common cabbage plants, 
3 min of rainfall significantly more 2nd (F2,27 = 4.10; P < 0.05), 3
rd (F2,27 = 3.99; P < 0.05) and 4
th 
(F2,27 = 7.52; P < 0.01) instar larvae from plants when compared to the controls but 3 min rainfall 
events did not significantly affect the number of pupae remaining on plants (F2,27 = 0.058; P > 0.05) 
(Figure 3.9A). However, increasing the duration of rainfall exposure to 9 min, had no additional 
effects on the removal of larvae or pupae (LSD; P > 0.05) (Figure 3.9A).  
 
Similarly, on Chinese cabbage plants, 3 min of rainfall caused significant loss of 2nd (F2,27 = 17.21; P 
< 0.001), 3rd (F2,27 = 4.036; P < 0.05) and 4
th (F2,27 = 3.849; P < 0.05) instar larvae when compared to 
the controls but did not significantly affect the number of pupae remaining on plants (F2,27 = 0.048; 
P > 0.05) (Figure 3.9B). When 9 min of rainfall was tested, it caused increased loss of 2nd instar 
larvae (LSD < 0.05) compared with 3 min rainfall, but the extended period of rainfall had no 
additional effects on the removal of 3rd or 4th instar larvae or pupae (LSD; P > 0.05) (Figure 3.9B). 
When losses of each instar were compared between host plants following 9 min exposure to rainfall, 
no differences were detected (2nd instar (t = 0.003, df = 12; P > 0.05), 3rd instar (t = 0.956, df = 15; P 
> 0.05), 4th instar larvae (t = 0.578, df = 17; P > 0.05) and pupae (t = 0.559, df = 17; P > 0.05) (Figure 
3.9).  
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Figure 3.9 A) Mean % loss (± SE) of 2nd instar larvae (F2,27 = 4.10; P < 0.05), 3rd instar larvae (F2,27 
= 3.99; P < 0.05), 4th instar larvae (F2,27 = 7.52; P < 0.01) and pupae (F2,27 = 0.058; P > 0.05) from 
control common cabbage plants (no exposure to rainfall) and common cabbage plants following 3 
min and 9 min exposure to rainfall and B) Mean % loss (± SE) of 2nd instar larvae (F2,27 = 17.21; P 
< 0.001), 3rd instar larvae (F2,27 = 4.036; P < 0.05), 4th instar larvae (F2,27 = 3.849; P < 0.05) and 
pupae (F2,27 = 0.048; P > 0.05) from control Chinese cabbage plants (no exposure to rainfall) and 
Chinese cabbage plants following 3 min and 9 min exposure to rainfall. Columns representing a given 
developmental stage marked with the same letter are not significantly different (P > 0.05).  
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3.4.6 Ability of larvae to traverse wet soil and locate host plants 
Following exposure to rainfall (5.6 (± 0.10) cm h-1 for 9 min) there was no difference in the number 
of larvae recorded on common cabbage plants or Chinese cabbage plants when counts were conducted 
immediately after exposure to rainfall or 2 h later (common cabbage: 2nd instars (t = 0.26, df = 18; P 
> 0.05), 3rd instars (t = 0.46, df = 18; P > 0.05) and 4th instars (t = 0.34, df = 18; P > 0.05) (Figure 
3.10A); Chinese cabbage: 2nd instars (t = 0.35, df = 16; P > 0.05), 3rd instars (t = 0.51, df = 18; P > 
0.05) and 4th instars (t = 0.34, df = 18; P > 0.05) Figure 3.10B).  
 
 
 
 
Figure 3.10 A) Mean % loss of 2nd (t = 0.26, df = 18; P > 0.05), 3rd (t = 0.46, df = 18; P > 0.05) and 
4th (t = 0.34, df = 18; P > 0.05) instar larvae from common cabbage and B) mean % loss of 2nd (t = 
0.35, df = 16; P > 0.05), 3rd (t = 0.51, df = 18; P > 0.05) and 4th (t = 0.34, df = 18; P > 0.05) instar 
larvae from Chinese cabbage plants following 9 min exposure to rainfall 5.6 (± 0.10) cm h-1 when 
insects were counted immediately after exposure and again 2 h later.  
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The ability of larvae to move across wet soil to locate host plants varied significantly between larval 
instars (F3,28 = 40.38; P < 0.001) (Figure 3.11A). While 85% of 4
th instar larvae could move 14 cm 
across wet soil to locate host plants, only 65% of 3rd instar larvae, 45% of 2nd instar larvae and 7.5% 
of neonates could do so (Figure 3.11A). However, no difference was found in the ability of neonates 
to locate host plants when they were released 14 cm, 10 cm and 5 cm away on wet soil (F2,21 = 0.405; 
P > 0.05) (Figure 3.11B).  
 
 
 
 
Figure 3.11 A) Mean % of larvae of different instars (F3,28 = 40.38; P < 0.001) recovered from host 
plants when they were released on wet soil 14 cm away from host plants. Means represented by 
columns marked with a different letter are significantly different (LSD; P < 0.05). B) Mean % of 
neonates recovered from host plants when they were released at distances of 5 cm, 10 cm and 14 cm 
from host plants (F2,21 = 0.405; P > 0.05). 
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3.5 Discussion 
Newly hatched neonate larvae that are actively searching for feeding sites are most vulnerable to 
rainfall (Figure 3.3). Kyi et al. (1991) found similar results for H. armigera neonates foraging on 
cotton plants. On Chinese cabbage plants neonates were susceptible to rainfall effects up to 1 h post-
hatching; after this time, they had located appropriate feeding sites and begun mining into leaf tissue 
(Figure 3.4), significantly reducing their vulnerability. On common cabbage plants, neonates 
remained susceptible to the effects of rainfall for a longer period (up to 3 h) after hatching (Figure 
3.3). On these host plants, neonates spend a considerably longer time (approximately 3 h) and move 
a greater distance (approximately 90 cm) searching for mining sites (Silva and Furlong, unpublished 
data) than on Chinese cabbage plants. On common cabbage plants, DBM usually lays eggs on lower 
leaves (Chapter 2; section 2.5.3) and neonates move to their preferred feeding sites on the upper 
leaves before they begin mining (Silva and Furlong 2012). To do this they traverse the stem and some 
intermediate leaves and petioles, greatly increasing the time spent searching for feeding sites. The 
mechanisms driving this behaviour are not completely understood but the preferred younger leaves 
are softer and typically contain higher levels of phagostimulatory glucosinolates and proteins 
(Moreira et al. 2016). Conversely, on Chinese cabbage plants, the preferred oviposition sites on the 
younger upper leaves correspond to preferred feeding sites and neonates consequently have less 
distance to move and can reach their feeding sites more quickly (Silva and Furlong 2012). The effects 
of female oviposition preferences and larval feeding preferences combine to explain the different 
susceptibilities of neonate larvae feeding on common cabbage and Chinese cabbage. Further, 
neonates spent more time searching for feeding sites when they were released on the adaxial surfaces 
of Chinese cabbage plants (Figure 3.4) but they spent more time on the abaxial surfaces, where they 
preferred to mine, irrespective of hatching site and where they had a reduced chance of being directly 
affected by rainfall.  
 
Overall losses of neonates were significantly higher on common cabbage plants than on Chinese 
cabbage plants. This is likely due to neonates remaining exposed on leaf surfaces, and therefore more 
susceptible to rainfall, for a longer time on common cabbage plants, but the morphology and 
architecture of the plants are also likely to play a role. At the 10-leaf stage, leaves of common cabbage 
plants are arranged horizontally and they are attached to the stem by relatively long, narrow petioles, 
which themselves are separated along the stem by relatively long internodes. Conversely, in Chinese 
cabbage plants, leaves are inclined from the horizontal plane and the broad petioles are attached close 
together along the short stem. Consequently, neonates foraging on common cabbage plants are more 
exposed to the direct impact of rainfall and more easily removed than those foraging on Chinese 
cabbage plants. When neonates foraging on Chinese cabbage are dislodged by rain, they are more 
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likely to accumulate in the broader leaf axils and then return to leaves. The different surface properties 
of common cabbage and Chinese cabbage leaves mediate the effect of rainfall on DBM eggs and 
larvae and the waxy surfaces of common cabbage leaves render larval attachment more difficult than 
on Chinese cabbage leaves, leading to greater removal of larval following exposure to rainfall (Figure 
3.9A and B). In this respect rainfall, an abiotic cause of mortality, interacts with the host plant in a 
manner comparable to DBM larval predation, the impact of which can also be mediated by the 
characteristics of the leaf surface of host plants (Eigenbrode et al. 1995). 
 
If neonates were not removed from the host plants by rainfall they can still be adversely affected as 
they are unable to move freely on wet surfaces and this can force them to remain in the vicinity of the 
hatching site for extended periods if the leaf surface remains wet (Figure 3.6 and Figure 3.7). On 
dry common cabbage plants, neonates usually left their typical hatching sites (lower leaves e.g. leaf-
2) within 30 min of hatching; larvae that hatched on the adaxial surface of dry leaves usually moved 
to the abaxial surface prior to leaving the leaf (Figure 3.6B). Moving to the abaxial surface may be 
an ecological adaptation as they become protected from the direct impacts of rainfall. However, on 
wet leaves, the movement of neonate larvae was compromised, either because of water on the leaf 
surface or because they became entrapped in water small droplets (Figure 3.7). Similarly, neonates 
that hatched on the adaxial surface of upper leaves of Chinese cabbage plants were unable to move 
freely across the leaf surface and remained exposed to the direct impacts of rainfall for a longer period. 
Persistent rain that ensures that leaf surfaces remain moist for extended periods is likely to force 
larvae to remain in suboptimal positions for longer (Figure 3.9), inducing feeding stress and possibly 
increasing mortality caused by other factors such as predation.  
 
Because of their restricted movement, neonates eventually mined the leaf surfaces on which they 
were released. Hatching sites are not always located at the best feeding sites for larvae and neonates 
always prefer to feed on the upper leaves of both common cabbage and Chinese cabbage plants (Silva 
and Furlong 2012). In the case of Chinese cabbage plants, DBM lays eggs at the preferred feeding 
sites of neonates (on the upper leaves) and neonate development is not necessarily affected by wet 
leaf surfaces that restrict their movement and force them to feed nearby. However, if neonate larvae 
are forced to feed close to the preferred oviposition sites on the lower leaves of common cabbage 
their development (Figure 3.8) and survival rates are compromised (Silva and Furlong 2012). Thus, 
restricted movement of neonate larvae on the wet surfaces of lower leaves after rainfall events is 
likely to result in then establishing feeding sites in sub-optimal locations resulting in reduced survival 
and poor development and greater exposure to other mortality factors. 
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Like neonates, later instar larvae were removed from both host plants by rainfall, but overall losses 
were much less than the losses of neonates. Among the later instar larvae, 2nd instars suffered most 
mortality (Figure 3.9). This is maybe because of physical abilities of larger 3rd and 4th instar larvae 
to resist the direct impacts of rainfall. Moreover, later instar larvae are more able to relocate and move 
back on to host plants after being dislodged by rainfall (Figure 3.11A), (Kobori and Amano 2003). 
Very few neonates could relocate their host plants. Neonates are tiny and soft-bodied and likely 
become trapped in wet soil or are physically unable to reach their host plants when they were released 
on wet soil at away from the host plants. Previous studies (Sivapragasam et al. 1988; Iga 1985; 
Harcourt 1963) also showed that dislodged neonates can rarely return to their host plants and that 
removal by rainfall typically results in death. However, the rate of larvae relocating host plants 
increased with larval instars and > 85% of 4th instar larvae were found back on their host plants. The 
later instar larvae are bigger in size, fast and physically more capable to traverse the wet soil surface 
to reach plants. Therefore, rainfall can cause the removal of later instar larvae from plants but they 
can often relocate the plants whereas neonates are highly likely to perish and the impact of removal 
by rainfall is severe and irreversible (Figure 3.10).  
 
Early flash rainfall caused significant removal of later instar larvae as the extended duration of rainfall 
had no significant addition in the larval loss (Figure 3.9). Larvae on the vulnerable sites such as on 
the adaxial surfaces and on the upper leaves were directly exposed to the impacts of rainfall and 
dislodged during the initial flash of rainfall but the larvae on comparatively secured positions such as 
on the abaxial surfaces, on the lower leaves were remain protected by the plant canopies from the 
direct impacts of rainfall and were not removed even with a sustained rainfall event. Sometimes, 
larvae produce silk threads (Wang and Keller 2002; Torres-Vila et al. 1997; Eigenbrode et al. 1991a) 
and hang on the leaves which reduce the vibration impacts by raindrops and eventually get back to 
the plants after rainfall (Harcourt 1957). 
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Chapter 4 Egg susceptibility to rainfall: effects of leaf surface properties on the direct and 
indirect impacts of simulated rain droplets 
 
4.1 Abstract 
Eggs of diamondback moth (DBM), Plutella xylostella are vulnerable to rainfall but its direct and 
indirect impacts are dependent on host plants and the nature of oviposition sites. The effects of host 
plants; Brassica oleracea (common cabbage) and B. rapa (Chinese cabbage) and properties of 
oviposition sites on egg attachment to leaf surfaces when subject to simulated rain droplets were 
investigated in laboratory experiments. DBM deposited more eggs in veins than on leaf laminas on 
both host plants and in vein-like folds of artificial leaves made from aluminium foil. In common 
cabbage, eggs laid on leaf-2 were less susceptible to rainfall than eggs laid on leaf-6 but in Chinese 
cabbage, egg susceptibility to rainfall was not affected by leaf identity. Eggs laid in the veins on the 
abaxial surfaces of leaf-2 and leaf-6 of common cabbage plants were less susceptible to dislodgement 
by rainfall than eggs laid at other sites on this host plant. In Chinese cabbage plants, eggs laid in the 
veins of both adaxial and abaxial surfaces of leaf-2 and leaf-6 were less susceptible to dislodgement 
by rainfall than eggs laid at other sites. When DBM laid eggs in clusters, eggs were less susceptible 
to simulated rain droplets. The presence of waxes on leaf surfaces and deeper veins affected the 
retention of eggs at the oviposition sites when exposed to simulated rain droplets. Eggs were more 
resistant to rainfall on the deeper veined and less waxy leaves of Chinese cabbage plants than on 
common cabbage leaves. Eggs were more resistant to rainfall when surface wax crystals were 
removed prior to oviposition. However, leaf angle, whether leaves were arranged in the horizontal 
plane or at an angle of 45º did not affect the susceptibility of eggs to rainfall. Eggs were also affected 
indirectly by rainfall and vibrations caused by the impact of simulated rain droplets caused egg 
removal from both adaxial and abaxial surfaces without direct impact on eggs themselves.  
 
4.2 Introduction 
Rainfall can cause significant of removal diamondback moth (DBM), Plutella xylostella (L.) 
(Lepidoptera: Plutellidae), eggs from host plants (Chapter 2). Many factors determine the effects and 
to understand the interactions that result in eggs being washed off by rainfall (Wakisaka et al. 1992; 
Sivapragasam et al. 1988), or dislodged by the vibration of leaves caused by the impact of raindrops 
(Wakisaka et al. 1992), knowledge of the oviposition behaviour of insects, host plant characters, 
species-specific insect-plant interactions and the properties of the rainfall to which eggs are exposed 
is required (Chapter 2; Ang et al. 2014; Silva and Furlong 2012; Kobori and Amano 2003).  
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Host plant selection and the selection of oviposition sites within the host plants by Lepidoptera is a 
complex process that defines the successful development of eggs and larvae (Renwick and Chew 
1994; Singer et al. 1988; Thompson 1988). Insects initially identify their host plants for oviposition 
using visual, chemical and physical cues (Badenes-Perez et al. 2014; Couty et al. 2006; Moreau et al. 
2006; Ode 2006; Bukovinszky et al. 2005; Justus and Mitchell 1996). Once they have alighted on the 
plants they use a combination of physical, short-range visual and non-volatile chemical cues to select 
oviposition sites (Ang et al. 2016; Reudler Talsma et al. 2008; Couty et al. 2006; Szendrei and Isaacs 
2005; Degen and Städler 1997). Oviposition behaviour and oviposition site selection by DBM is host 
plant specific (Chapter 2; section 2.4.3; Ang et al. 2016; Ang et al. 2014; Silva and Furlong 2012), 
and they behave quite differently on different host plants. They typically lay more eggs on the lower 
(older) leaves of common cabbage plants but on Chinese cabbage plants they typically lay more eggs 
on the upper (younger) leaves (Chapter 2; section 2.4.3). They lay more eggs on the adaxial surface 
of leaves and these are usually laid singly (Chapter 2; section 2.4.3; Silva and Furlong 2012; Pereira 
et al. 2007b; Furlong et al. 2004b; Talekar et al. 1994; Harcourt 1957). Similarly, more eggs are laid 
in veins or in depressions on the leaf surface than on the leaf laminas (Gupta and Thorsteinson 1960; 
Chapter 2; section 2.4.3).  
 
Oviposition site affects egg susceptibility to rainfall. For example, eggs on the abaxial surface of 
leaves are less affected by rainfall than eggs on the adaxial surfaces (Kobori and Amano 2003; 
Chapter 2; section 2.4.5.1). Similarly, eggs on the lower leaves and on stems are protected from the 
direct impact of rainfall by the upper leaves/ plant canopy (Chapter 2; section 2.4.5.3), but they can 
still be affected by the deleterious indirect effects of vibrations caused by rainfall which can loosen 
them, causing their removal from the leaf surface (Wakisaka et al. 1992).  
 
Host plant characters affect oviposition, the movement of insects over plant surfaces and survival of 
eggs following exposure to rainfall. Epicuticular lipids (surface waxes) of plants can play a significant 
role in the interactions between DBM and its host plants (Riggin-Bucci et al. 1998; Riggin-Bucci and 
Gould 1996; Eigenbrode and Espelie 1995; Kimura 1987). Usually, DBM prefers glossy leaves that 
are devoid of surface waxes for egg laying (Badenes-Perez et al. 2004; Ulmer et al. 2002; Justus et 
al. 2000) and the number of eggs laid usually increases on leaf surfaces when surface wax crystals 
are removed (Chapter 2; Section 2.4.4; Uematsu and Sakanoshita 1989). However, survival of DBM 
larvae on glossy plants is low (Eigenbrode et al. 1991a; Stoner 1990) and they prefer to feed on waxy 
leaves (Ulmer et al. 2002; Riggin-Bucci and Gould 1996). Consequently, glossy varieties are often 
considered more resistant to these herbivores (Eigenbrode and Espelie 1995; Eigenbrode et al. 1993) 
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and the development of less waxy lines to manage DBM has been advocated (Verkerk and Wright 
1996).  
 
Eggs that are poorly attached to oviposition substrates are removed easily by rainfall and egg adhesion 
to host plants varies both between host plants and between different surfaces within plants (Al Bitar 
et al. 2012). Spumalines (Betz 2010) are secreted during oviposition and these substances bind eggs 
together and attach them to oviposition substrates (Betz 2010; Li et al. 2008; Fordyce and Nice 2003; 
Gaino and Rebora 2001; Burkhart et al. 1999). The composition and structure of spumalines vary 
widely between insects, even between members of the same genus (Li et al. 2008). The major 
component of spumalines is protein (Betz 2010; Li et al. 2008; Jin et al. 2006; Burkhart et al. 1999) 
but the physical properties of the compounds and the mechanisms of egg attachment to substrates is 
not well understood. The variation of chemical structures of spumalines (Koch et al. 2008; Barthlott 
et al. 1998) between insect species (Fordyce and Nice 2003) leads to variations in the strength of egg 
attachments to host plants (Voigt and Gorb 2010; Muller and Riederer 2005) and this is further 
affected by the presence or absence of wax crystals on plant surfaces (Gorb et al. 2008; Eigenbrode 
2004; Gaume et al. 2004; Gorb and Gorb 2002; Stork 1980).  
 
Considerable previous research has investigated the effect of rainfall on DBM eggs (e. g. Chapter 2; 
Ayalew et al. 2006; Guilloux et al. 2003; Kobori and Amano 2003; Keinmeesuke et al. 1992; 
Sivapragasam et al. 1988; Iga 1985; Harcourt 1963) but the direct effects (when raindrops impact on 
eggs) and indirect effects (when eggs are not directly impacted by raindrops) of raindrops have not 
been specifically investigated in previous studies. Similarly, how raindrops interact with eggs laid on 
host plants with different morphological characters (e.g. leaf waxiness, leaf surface characters, leaf 
orientation) and eggs laid at specific oviposition sites has not been investigated. Further, the physical 
impact of raindrops on the eventual ability of embryos developing in eggs to complete development 
and hatch has not been studied. To determine the direct effects of raindrops on eggs more precisely, 
studies using single droplets to simulate rainfall in a controlled manner to investigate the direct and 
indirect effects of rainfall on DBM eggs were undertaken. A better understanding of these 
relationships will improve basic understanding of the threats posed by rainfall at this early stage of 
development and may contribute to the development of strategies to use rainfall/ sprinkler irrigation 
as a component of DBM management.  
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4.3 Materials and Methods 
4.3.1 Plants  
Common cabbage (Brassica oleracea Capitata cv. Sugarloaf) and Chinese cabbage (B. rapa 
Pekinensis cv. Wombok) seedlings were grown (Chapter 2; section 2.4.1) in a temperature controlled 
(25 ± 1°C) glass cabinet. Unless indicated otherwise, plants of similar age and stage of development 
(10-leaf stage) were used in experiments. Within plants, leaves were numbered sequentially, starting 
at the 1st true leaf (Chapter 2; Figure 2.1).  
 
4.3.2 Insects  
DBM pupae were taken from a laboratory culture (Chapter 2; section 2.4.2), kept in a nylon mesh 
oviposition cage (45 cm × 45 cm × 45 cm) and held in an incubator (25°C, L12: D12) until adult 
emergence (≈ 72 h). Adults were kept for 1 more day to allow mating and then were used in the 
experiments. After eclosion adults were provided with a honey solution (10%, (wt/ vol)) as a food 
source.  
 
4.3.4 Oviposition in leaf veins and on leaf laminas on abaxial and adaxial leaf surfaces 
4.3.2.1 Oviposition on common cabbage and Chinese cabbage leaves in intact plants  
The distributions of eggs between veins and leaf lamina on the adaxial and abaxial surfaces of 
common cabbage and Chinese cabbage plants were investigated. A nylon mesh oviposition cage (45 
cm × 45 cm × 45 cm) was placed on the bench in the laboratory and a single plant and a gravid female 
moth were introduced. The moth was allowed to oviposit for 24 h (20 ± 5°C, L13: D11) and then 
each leaf was inspected carefully with a magnifying glass and the numbers of eggs laid in the veins 
of adaxial and abaxial surfaces and the number of eggs laid on the leaf laminas of each of the leaf 
surfaces were recorded. Thirty common cabbage plants and 30 Chinese cabbage plants were 
investigated in this way. Individual cabbage plants were considered replicates.  
 
4.3.2.2 Oviposition on artificial leaves  
Artificial leaves were made by cutting ca 10 cm long leaf-shaped pieces from a sheet of aluminium 
foil with scissors (Figure 4.1A). Four leaves (leaf-3, leaf-4, leaf-5 and leaf-6) from a common 
cabbage plant were placed in a mortar and crushed with a pestle to extract leaf juice. The juice was 
then painted onto both surfaces of the artificial leaves with a camel hair brush and allowed to dry (≈ 
5 min). The artificial leaves were then folded lengthwise and crosswise to make vein-like cavities on 
the adaxial surfaces and raised areas on the abaxial surfaces. A single artificial leaf was then inserted 
into an artificial stem (2 cm × 2 cm × 10 cm) made from OASIS® Floral Foam (Ang et al. 2014) 
which was attached to a small plastic pot as a stand (Figure 4.1A). A total of 30 artificial plants (stem 
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with an aluminium leaf) were constructed using a completely randomized design where each artificial 
plant was considered a replicate. A single artificial plant was placed in a nylon mesh oviposition cage 
(45 cm × 45 cm × 45 cm) along with 3 gravid females and held on the laboratory bench for 24 h (20 
± 5°C, L13: D11). The numbers of eggs laid on the smooth areas on the adaxial and abaxial surfaces 
of each leaf and in the artificial veins on the adaxial surface and raised areas of the abaxial surface 
(Figure 4.1B and C) were carefully counted using a hand-held magnifying glass and recorded.  
 
 
Figure 4.1 A) Sketch of an artificial leaf constructed with aluminium foil inserted into an artificial 
stem; B) eggs (20x magnification) laid in the vein-like areas and C) eggs (20x magnification) laid on 
the lamina-like surface of the artificial leaf.  
 
4.3.2.3 Selection of adaxial and abaxial leaf surfaces for oviposition 
The importance of leaf orientation and the physical properties of adaxial and abaxial leaf surfaces on 
oviposition site selection by DBM was investigated using excised leaves that are typically preferred 
by DBM for oviposition. Common cabbage leaves (leaves 2 - 4) and Chinese cabbage leaves (leaves 
6 - 8) were excised from plants at the petiole using a clean scalpel and immediately inserted 1 - 2 cm 
from the top of a water-saturated OASIS® Floral Foam artificial stem (2 cm × 2 cm × 10 cm). The 
artificial stem was then placed into a small plastic water pot filled with water to maintain leaf turgidity 
(Figure 4.2). A total of 36 artificial common cabbage plants, each consisting of a single leaf (12 
leaves each of leaf-2, leaf-3 and leaf-4) and 42 artificial Chinese cabbage plants, each consisting of a 
single leaf (14 leaves each of leaf-6, leaf-7 and leaf-8) were constructed. Artificial plants were used 
in completely randomized design and each artificial plant was considered a replicate. In each case, 
half of the leaves were inserted into the artificial stem with the adaxial surface facing upwards and 
half of the leaves were inserted into the artificial stem with adaxial surface facing downwards (Figure 
4.2) Each artificial plant was placed into a nylon mesh oviposition cage (45 cm × 45 cm × 45 cm) 
along with 3 gravid females and held on the laboratory bench for 24 h for oviposition (20 ± 5°C, L13: 
D11). The number of eggs laid each surface of each leaf was then counted and recorded.  
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Figure 4.2 Artificial plants with single leaf; A) common cabbage leaf in usual, upward orientation 
B) common cabbage leaf, inverted orientation C) Chinese cabbage leaf in usual, upward orientation 
and D) Chinese cabbage leaf, inverted orientation. 
 
4.3.3 Raindrop simulator  
A single droplet simulator (Chapter 2; section 2.4.5.2) was used to generate water droplets of 2 mm 
in diameter for experiments. Eggs attached to leaves were exposed to single droplets by pinning the 
leaves to the surface of an OASIS® Floral Foam block (12 cm × 12 cm × 12 cm) and adjusting the set 
up so that the specific target, either a section of leaf, a single egg or a cluster of eggs was directly 
below the tip of the simulator, where water droplets were produced. Leaves were either pinned to a 
horizontal surface or to an oblique surface at an angle of 45° to the horizontal.  
 
4.3.4 Investigating eggs losses caused by the direct impact of water droplets  
Eggs for experiments were laid on different leaves by enclosing young gravid females in clip cages 
that were attached to the appropriate surface of leaf-2 or leaf-6 of common cabbage and Chinese 
cabbage plants for 2 h (Chapter 2; section 2.4.6).  
 
A 
C
C 
B 
D 
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4.3.4.1 Effects of rainfall on single eggs laid on the leaf lamina and in leaf veins on common 
cabbage and Chinese cabbage leaves. 
Leaves were removed from clip cages and single eggs that had been laid on the leaf lamina or in the 
leaf veins on both the adaxial and abaxial surfaces of leaf-2 and leaf-6 of Common cabbage and 
Chinese cabbage leaves were located. Eggs were marked with a permanent marker pen. A leaf was 
then placed on the oblique (45°) surface of the OASIS® Floral Foam and secured with pins. The block 
was then placed beneath the raindrop simulator and positioned so that the egg was directly beneath 
the tip of the device. Droplets were generated, and the number of droplets required to remove the 
target egg from the leaf to which it was attached was recorded. The process was repeated until the 
number of rain droplets required to remove each of 60 eggs from the all oviposition sites (leaf lamina 
or leaf vein) on each leaf surface (adaxial or abaxial) of both leaves (leaf-2 or leaf-6) of both plant 
species (common cabbage or Chinese cabbage) was determined. Eggs that were not removed by 
10,000 water droplets were discarded from analyses. 
 
4.3.4.2 Effects of rainfall on single eggs and eggs in clusters on the leaf lamina and in leaf veins 
of leaf-2 and leaf-6 of common cabbage plants 
 Common cabbage leaves were removed from the clip cages and examined for eggs that had been laid 
singly or in clusters on the leaf lamina or in the leaf veins on both the adaxial and abaxial surfaces of 
leaf-2 and leaf-6. When single eggs or egg clusters were located, they were marked with a permanent 
marker pen. Leaves were then attached to the oblique surface of the OASIS® Floral Foam and the 
number of water droplets required to remove either single eggs or egg clusters from all oviposition 
sites (n = 60) was determined as previously described. 
 
4.3.4.3 Effect of leaf angle on the susceptibility of eggs to rainfall on Chinese cabbage leaves 
In intact plants, all leaves on common cabbage plants and the younger upper leaves of Chinese 
cabbage plants are arranged at an oblique angle to the horizontal but leaf-2 of Chinese cabbage plants 
is typically in the horizontal plane (Chapter 2; Figure 2.1). To investigate the effect of leaf angle on 
the susceptibility of single eggs to water droplets, the clip cage method was used to obtain eggs in 
veins on the adaxial surfaces of leaf-2 and leaf-6 of Chinese cabbage plants. Leaves were then 
attached to an oblique surface of the oasis block or were attached to a flat, horizontal surface of an 
OASIS® Floral Foam block. The number of water droplets required to remove single eggs from the 
different leaves when presented at the different angles (n = 60) was then determined as previously 
described.  
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4.3.5 Measuring the areas of leaf lamina and veins in common cabbage and Chinese cabbage 
leaves  
The proportion of the leaf area on the adaxial and abaxial surfaces of individual leaves of common 
cabbage and Chinese cabbage leaves occupied by leaf veins and leaf lamina was measured on 6 plants 
(10 leaf stage) of each species. Individual leaves were carefully removed from plants using a scalpel. 
Leaves were then mounted on a sheet of A4 paper that contained a 10 cm scale and labelled to identify 
the plant, the leaf number and the surface of the leaf (Figure 4.3). The mounted leaves were then 
scanned (“RICOH-P3” scanner) to provide high-quality images for analysis using ImageJ software.  
 
 
Figure 4.3 Leaves mounted on a sheet of A4 paper for scanning. Labelling is indicative; 5-U = the 
adaxial surface of a representative leaf-5, 6-L = is the abaxial surface of a representative leaf-6  
 
The scanned images were imported into Adobe Photoshop-CS 8.0 and the veins of leaves were 
marked in black (Figure 4.4A) using the brush tool (B) where opacity and flow were set to 100% and 
the thickness adjusted by regulating the master diameter (px) based on the thickness of veins. The 
marked image files were imported into ImageJ software. The straight tool of ImageJ was used to a 
set the scale using the reference scale. After setting the scale, the target image was duplicated using 
the rectangular tool. Prior to measuring the total leaf area, the whole leaf was masked red (Figure 
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4.4B) and selected by adjusting levels of “color threshold” function. Then the selected area was 
measured using the “measure” function of the ImageJ. To measure the veins of a selected leaf, the 
marked leaf was converted into greyscale (type 8-bit) and then veins were selected using “threshold’ 
function of ImageJ (Figure 4.4C and D). The veins were then made binary and the areas were 
measured using “measure” function. The same procedure was followed to measure the total leaf areas 
and the veins of every leaf of common cabbage and Chinese cabbage plants. 
 
 
Figure 4.4 Scanned and manipulated images (Adobe Photoshop-CS 8.0) to show: A) marked veins, 
B) red masked leaf, C) greyscale leaf (type 8-bit) and D) focused veins to measure the total area of 
veins. 
 
4.3.6 Surface waxes of leaves and susceptibility of eggs to rainfall 
The effects of rainfall on eggs laid on the adaxial surface of leaf-6 of common cabbage plants in the 
presence and absence of waxes were investigated. Prior to exposure to female DBM for oviposition, 
wax crystals were removed from the adaxial surfaces of leaf-6 of common cabbage plants using the 
method described previously (Chapter 2; section 2.4.4). Clip cages were then attached to the wax-
free leaves then single gravid females were introduced (Chapter 2; section 2.4.6) and allowed to 
oviposit for ≈ 1 h. Eggs on the laminas and veins of wax-free leaf surfaces were marked with a 
permanent marker and the excised leaves pinned to the oblique surface of an OASIS® Floral Foam 
block (section 4.3.3, above) before individual eggs were exposed to water droplets as previously 
described (section 4.3.4.1, above). The number of droplets needed to remove single eggs laid in veins 
(n = 60 individual eggs) or on the leaf lamina (n = 60 individual eggs) was determined and compared 
with the number of droplets needed to remove eggs from the corresponding parts of leaf-6 of common 
cabbage from which the surface waxes had not been removed.  
 
4.3.7 Scanning electron micrographs of eggs and leaf surfaces 
Single common cabbage and Chinese cabbage plants were placed into separate oviposition cages with 
adult DBM (> 100) overnight (25°C, L12: D12) for egg laying. The following day, leaves with eggs 
A B C D 
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laid at different oviposition sites were removed from the plants. Specimens (circa 5 mm square 
sections of the leaf with attached egg (s)) were mounted on C tabs attached to 12.7 mm Al SEM pin 
stubs and secured with Aquadag C paint. Mounted specimens were dried for 24 h in a desiccator, 
attached to a rotary pump vacuum. Dried specimens were sputter coated with 12 nm of Iridium (Ir) 
using a Quorumtech QT150 TES sputter coater. Ir sputter coated specimens were imaged in a Hitachi 
SU 3500 Scanning Electron Microscope (SEM) using conventional high vacuum mode with 
secondary electrons (SE) at 5kV with a spot size of 30 using aperture 4 (= smallest) and a working 
distance (WD) of around 10 mm. Eggs were imaged at 35x, 100x, 200x and adaxial and abaxial leaf 
surfaces were imaged at 1000x and 3000x to visualise wax. The attachment surface of a "naturally" 
dislodged (and sputter coated egg) from a waxy leaf was imaged to reveal wax from the leaf surface 
in the adhesive. An egg from a waxy leaf and an egg from a non-waxy leaf were carefully dislodged 
(and discarded) to reveal the leaf adhesion site. The leaf surface where the egg had been attached was 
imaged and inspected for evidence of wax. The exposed leaf area was uncoated and therefore 
somewhat prone to charging under the electron beam; this was overcome by using the Charge 
Suppression Scan (CSS) scan mode. 
 
4.3.8 Indirect effects of rainfall on DBM eggs  
4.3.8.1 Egg loss from leaf surfaces following leaf vibrations caused by impacting water 
droplets 
Eggs on the adaxial and abaxial surfaces of upper the leaves (leaf-5, leaf-6 and leaf-7) of common 
cabbage plants were used to investigate the indirect effects of rainfall on eggs losses from leaf 
surfaces. Individual common cabbage plants were placed in a nylon mesh oviposition cage (45 cm × 
45 cm × 45 cm) with gravid female moths (> 100) for 1 h for egg laying. After 1 h, eggs laid singly 
on the adaxial and abaxial surfaces of leaf-5, leaf-6 and leaf-7 were selected without bias and marked 
with a permanent marker and all other eggs were removed. Test plants were then positioned under 
the rain-droplet simulator so that, droplets could impinge on leaves such that they directly hit eggs or 
such that they struck the leaf surface nearby the target egg. When an egg on the adaxial surface was 
subjected to the test, the plant was placed under the rainfall simulator so that the water droplets struck 
the leaf surface near the egg (within 1 cm) but did not strike the egg directly; 40 replications were 
performed. When an egg on the abaxial surface was subjected to the test, the plants were placed under 
the rainfall simulator such that water droplets struck the adaxial surface immediately above the egg. 
For eggs on the abaxial surfaces, the distance between the egg and the stem was measured and eggs 
at 1 cm intervals (n = 10 eggs at each point) from 1 cm to 12 cm from the leaf axil were subject to 
water droplets impacting directly above them on the adaxial leaf surface. Individual eggs were 
subjected up to 5,000 droplets and number of eggs removed within 5,000 droplets were recorded.  
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4.3.8.2 Impact of rainfall on egg hatching  
To determine if the direct impact of water droplets on eggs affected hatching, eggs on the adaxial 
surfaces of leaf-6 of Chinese cabbage plants were exposed to a range of different numbers of 
simulated rain droplets in the laboratory. Using clip cage method (section 4.3.4, above), eggs were 
obtained on the required leaves. A leaf was then pinned on to the OASIS® Floral Foam block at 45° 
to the impinging water droplets (section 4.3.4.1, above). Eggs (n = 20 for each raindrop number) were 
then exposed to direct impact by 1,000, 2,000, 5,000 or 10,000 water droplets; 20 eggs were 
maintained as control (not exposed to drops). Following exposure, each leaf and the targeted egg was 
placed in a Petri dish (5 cm diameter) containing damp filter paper and incubated at 25°C (L12: D12) 
and the number of eggs that hatched was recorded.  
 
4.3.9 Statistical analysis 
For the analysis of the number of droplets needed to remove eggs from the oviposition sites, 
quasipoisson GLM models were fitted and binomial GLM model and second-order (quadratic) 
polynomial model were fitted for the data that had two responses (e.g. eggs removed or not). One-
way ANOVA of GLM models followed by LSD tests was done to interpret the predictors and means. 
log10(x) transformed data were used to perform independent t-tests to interpret two independent 
variables of data. For visualization, means of original data were back transformed. All statistical 
analysis was performed using the statistical program R (R Core Team 2017) and ggplot2 package 
(Wickham 2009) was used for visualizations.  
 
4.4 Results 
4.4.1 Oviposition in leaf veins and on leaf laminas on abaxial and adaxial leaf surfaces 
4.4.1.1 Oviposition on common cabbage and Chinese cabbage leaves in intact plants 
DBM laid significantly more eggs on the adaxial surfaces of both common cabbage (t = 3.804, df = 
553; P < 0.001) and Chinese cabbage (t = 8.172, df = 547; P < 0.001) leaves (Figure 4.5). The mean 
numbers of eggs laid on the adaxial surface and abaxial surface of common cabbage leaves were 2.27 
(± 0.36) and 1.06 (± 0.23) respectively and Chinese cabbage plants they were 2.76 (± 0.22) and 0.98 
(± 0.12) respectively. On the adaxial surfaces of common cabbage plants, DBM laid significantly 
more eggs (> 75% of eggs laid) in or near veins than on leaf laminas (t = 4.403, df = 501; P < 0.001) 
(Figure 4.5A), but there was no difference in the number of eggs laid on the leaf lamina and in/ near 
veins on the abaxial surfaces of common cabbage leaves (t = 0.365, df = 596; P > 0.05) (Figure 4.5A). 
In the case of Chinese cabbage plants, DBM laid significantly more eggs in or near veins than on 
laminas on both abaxial (> 85% of eggs laid) (t = 7.529, df = 414; P < 0.001) and adaxial surfaces (≈ 
98% of eggs laid) (t = 16.988, df = 322; P < 0.001) (Figure 4.5B).  
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Figure 4.5 Mean number (± SE) of eggs laid on leaf lamina or in/ near leaf veins A) Common 
cabbage: overall more eggs were laid on the adaxial surface of leaves than on the abaxial surface of 
leaves (t = 3.804, df = 553; P < 0.001). On the abaxial surface there was no difference between the 
mean number of eggs laid on the leaf lamina and in/ close to leaf veins (t = 0.365, df = 596; P > 0.05) 
but on the adaxial surface significantly more eggs were laid in/ close to leaf veins than on leaf laminas 
(t = 4.403, df = 501; P < 0.001). B) Chinese cabbage: Overall more eggs were laid on the adaxial 
surface of leaves than on the abaxial surface of leaves (t = 8.172, df = 547; P < 0.001). More eggs 
were laid in/ close to leaf veins on both the abaxial surfaces (t = 7.529, df = 414; P < 0.001) and the 
adaxial surfaces (t = 16.988, df = 322; P < 0.001) of leaves. For a given plant and surface, means 
marked with the same letters are not statistically different (P > 0.05). 
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4.4.1.2 Oviposition on artificial leaves  
The mean numbers of eggs laid on the adaxial (3.3 ± 0.83) and abaxial (4.4 ± 0.69) surfaces of 
aluminium foil leaves were not significantly different (t = 1.345, df = 58; P > 0.05) (Figure 4.6). The 
mean number of eggs laid in vein-like concavities was significantly greater (t = 3.283, df = 50; P < 
0.01) than the mean number of eggs laid on the flat areas of the adaxial surfaces of synthetic leaves 
(Figure 4.6). However, on the abaxial surfaces, there was no difference between the mean numbers 
of eggs laid on the flat region and the vein-like regions of the synthetic leaves (t = 1.128, df = 58; P 
> 0.05) (Figure 4.6).  
 
 
Figure 4.6 Mean number of eggs (± SE) laid on laminas and veins-like regions of the abaxial (t = 
1.128, df = 58; P > 0.05) and adaxial surfaces (t = 3.283, df = 50; P < 0.01) of Aluminium foil leaves. 
Overall, the mean number of eggs laid on abaxial and adaxial surfaces were not significantly different 
(t = 1.345, df = 58; P > 0.05). For a given surface, means marked with the same letters are not 
significantly different (P > 0.05). 
 
4.4.1.3 Selection of adaxial and abaxial leaf surfaces for oviposition 
The number of eggs laid on abaxial and adaxial leaf surfaces that were held in normal (adaxial surface 
uppermost) and inverted (abaxial surface uppermost) orientations differed between Chinese cabbage 
and common cabbage leaves (Figure 4.7A and B). Changing the orientation of common cabbage 
plant leaves did not affect the number of eggs laid on the different surfaces; 50% of eggs were laid 
on the abaxial surface of leaves when they were in the normal orientation (t = 0.183, df = 70; P > 
0.05) and when they were inverted (t = 0.412, df = 69; P > 0.05) (Figure 4.7A).  
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In the case of Chinese cabbage leaves, when leaves were oriented normally there was no difference 
in the number of eggs laid on either leaf surface (t = 1.60, df = 39; P > 0.05) but when leaves were 
inverted significantly more eggs (≈ 70%) were laid on adaxial surfaces than on the abaxial surfaces 
(t = 5.89, df = 39; P < 0.001) (Figure 4.7B).  
 
 
 
 
Figure 4.7 Proportion of eggs laid on abaxial and adaxial surfaces of A) common cabbage leaves 
when leaves were inverted (t = 0.412, df = 69; P > 0.05) and in normal orientation (t = 0.183, df = 70; 
P > 0.05) and B) Chinese cabbage leaves when leaves were inverted (t = 5.89, df = 39; P < 0.001) 
and in normal orientation (t = 1.60, df = 39; P > 0.05).  
 77 
4.4.2 Investigating eggs losses caused by the direct impact of water droplets 
4.4.2.1 Effects of rainfall on single eggs laid on the leaf lamina and in leaf veins on common 
cabbage and Chinese cabbage leaves 
 
 
Figure 4.8 Mean number of droplets (± SE) required to remove an egg from the A) leaf-2 and leaf-6 
(F1,476 = 13.4; P < 0.001) veins and laminas of leaves (F1,476 = 11.804; P < 0.001) and adaxial and 
abaxial surfaces leaves (F1,476 = 4.359; P < 0.05) of common cabbage plants and from the B) leaf-2 
and leaf-6 (F1,476 = 1.550; P > 0.05) veins and laminas of leaves (F1,476 = 47.697; P < 0.001) and 
adaxial and abaxial surfaces leaves (F1,476 = 3.429; P > 0.05) of Chinese cabbage plants. Overall 
number of droplets was different for oviposition sites on Chinese cabbage than common cabbage 
plants (t = 25.309, df = 951; P < 0.001). For a given leaves, means marked with the same letters are 
not significantly different (P > 0.05). 
 
In common cabbage plants, significantly more droplets were required to remove eggs from leaf-2 
than from leaf-6 (F1,476 = 13.4; P < 0.001), from veins than from leaf laminas (F1,476 = 11.804; P < 
0.001) and from abaxial surfaces than from adaxial surfaces (F1,476 = 4.359; P < 0.05) (Figure 4.8A). 
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In Chinese cabbage, more droplets were required to remove eggs from leaf veins than from leaf 
laminas (F1,476 = 47.697; P < 0.001) but there was no difference in the number of droplets required to 
removed eggs from leaf-2 and leaf-6 (F1,476 = 1.550; P > 0.05) or from the adaxial and abaxial leaf 
surfaces (F1,476 = 3.429; P > 0.05) (Figure 4.8B). Overall, significantly more droplets were required 
to remove eggs from Chinese cabbage plants (mean = 311 ± 22) than from common cabbage plants 
(55 ± 9) (t = 25.309, df = 951; P < 0.001) (Figure 4.8A and B).  
 
In some cases, not all eggs were removed by the direct impact of 10,000 droplets (Table 4.1). After 
such exposure, more eggs remained in the veins on the adaxial surface of leaf-2 (> 20%) and leaf-6 
(> 12%) of Chinese cabbage plants. At all other oviposition sites, Chinese cabbage plants only a small 
proportion of eggs (< 5%) or no eggs remained after exposure to 10,000 droplets (Table 4.1). In 
common cabbage plants, only a very small proportion of eggs (< 3.3%) remained on plants following 
exposure to 10,000 droplets (Table 4.1).  
 
Table 4.1 Percentage of eggs on different oviposition sites of common cabbage and Chinese cabbage 
plants which were not washed off with 10,000 droplets 
Plant Leaf Leaf surface Oviposition site % eggs remaining after 
10,000 droplets 
Common cabbage 
 
Leaf-2 
  
  
  
Abaxial  
  
Laminas 0 
Veins  3.3 
Adaxial  
  
Laminas 1.3 
Veins  1.1 
Leaf-6 
  
 
Abaxial  
  
Laminas 1.7 
Veins  0 
Adaxial  Laminas 0 
Veins  0 
Chinese cabbage  
 
Leaf-2 
  
  
  
Abaxial  
  
Laminas 0 
Veins  0 
Adaxial  
  
Laminas 0 
Veins  20.3 
Leaf-6 
  
 
Abaxial  
  
Laminas 0 
Veins  4.8 
Adaxial  
  
Laminas 1.6 
Veins  12.5 
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4.4.2.2 Effects of rainfall on single eggs and eggs in clusters on the leaf lamina and in leaf veins 
of leaf-2 and leaf-6 of common cabbage plants 
The mean number of droplets required to remove eggs laid singly, in pairs or in clusters varied 
between the leaf lamina and the veins of the adaxial surfaces of leaf-2 and leaf-6 of common cabbage 
plants (Figure 4.9). Four to five times more droplets were needed to remove pairs or clusters of eggs 
than were needed to remove single eggs laid on the leaf lamina (t = 6.07, df = 115; P < 0.001) or in 
leaf veins (t = 4.82, df = 118; P < 0.001) on the adaxial surfaces of leaf-2 (Figure 4.9A).  
 
 
Figure 4.9 Mean number of droplets (± SE) needed to remove A) eggs laid singly or in a cluster from 
the leaf lamina (t = 6.07, df = 115; P < 0.001) and from the veins (t = 4.82, df = 117; P < 0.001) of 
the adaxial surface of leaf-2 from common cabbage; B) eggs laid singly or in a cluster from the leaf 
lamina (t = 6.28, df = 89; P < 0.001) and from the veins (t = 5.09, df = 88; P < 0.001) of the adaxial 
surfaces of leaf-6 of common cabbage plants. Columns of each group marked with the same letter are 
not significantly different (P > 0.05). 
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Similarly, more water droplets were needed to remove eggs laid in pairs or in a cluster than were 
required to remove single eggs laid on the leaf lamina (t = 6.28, df = 89; P < 0.001) or in leaf veins (t 
= 5.09, df = 88; P < 0.001) of adaxial surfaces of leaf-6. Eggs laid singly were typically removed by 
the impact of a small number (< 20) of droplets whereas, typically ≈ 300 droplets were needed (≈ 15 
times more) to remove eggs laid in a pair or a cluster from the oviposition sites of leaf-6 (Figure 
4.9B). 
 
4.4.2.3 Effect of leaf orientation on the susceptibility of eggs to rainfall on Chinese cabbage 
leaves 
Leaf orientation did not affect the number of droplets required to remove eggs from similar 
oviposition sites on the adaxial surfaces of leaf-2 and leaf-6 of Chinese cabbage plants (Figure 4.10). 
The mean number of droplets needed to remove eggs from the veins of adaxial surfaces of leaf-2 and 
leaf-6 were not significantly different when leaves were presented to horizontally or at an oblique 
angle of 45° (leaf-2 (t = 0.57; df = 118; P > 0.05) and leaf-6 (t = 0.82, df = 116; P > 0.05)).  
 
 
Figure 4.10 Mean number of droplets (± SE) needed to remove eggs laid on the veins of the adaxial 
surfaces of leaf-2 (t = 0.57; df = 118; P > 0.05) and leaf-6 (t = 0.82, df = 116; P > 0.05) of Chinese 
cabbage plants, when leaves were arranged horizontally and at an oblique angle (45°) to the water 
droplets. Columns for a given leaf marked with similar letters are not significantly different (P > 
0.05).  
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4.4.3 Measuring the proportion of veins of cabbage leaves 
The area of a leaf represented by veins was significantly less than area represented by leaf lamina on 
both the abaxial surfaces (t = 133.81, df = 58; P < 0.001) and adaxial (t = 93.646, df = 58; P < 0.001) 
of common cabbage leaves and the adaxial (t = 49.495, df = 58; P < 0.001) and abaxial surfaces (t = 
60.769, df = 58; P < 0.001) of Chinese cabbage plant leaves (Figure 4.11). Chinese cabbage leaves 
have a significantly greater area of veins than common cabbage leaves on both the abaxial (t = 18.281, 
df = 56; P < 0.001) and adaxial surfaces (t = 10.773, df = 53; P < 0.001) (Figure 4.11).  
 
 
Figure 4.11 Mean % area of veins (± SE) of abaxial surfaces of Chinese cabbage and common 
cabbage leaves (t = 18.281, df = 56; P < 0.001) and adaxial surfaces of common cabbage and Chinese 
cabbage leaves (t = 10.773, df = 53; P < 0.001). Mean % area of veins and laminas were significantly 
different for abaxial (t = 133.81, df = 58; P < 0.001) and adaxial surfaces (t = 93.646, df = 58; P < 
0.001) of common cabbage leaves and for abaxial (t = 60.769, df = 58; P < 0.001) and adaxial surfaces 
(t = 49.495, df = 58; P < 0.001) of Chinese cabbage leaves. Columns for a given surfaces marked 
with the same letters are not significantly different (P > 0.05).  
 
4.4.4 Surface waxes of leaves and susceptibility of eggs to the rainfall 
More droplets were required to remove eggs from leaf surfaces when surface wax crystals were 
removed from the leaves (Figure 4.12). The mean number of droplets required to remove eggs from 
the wax-free laminas was greater than the number required to remove eggs from the leaf laminas (t = 
12.609, df = 117; P < 0.001) and veins (t = 15.096, df = 117; P < 0.001) of untreated leaves (Figure 
4.12).  
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Figure 4.12 Mean number of droplets (± SE) required to remove eggs from untreated and wax-free 
laminas (t = 12.609, df = 117; P < 0.001) and veins (t = 15.096, df = 118; P < 0.001) of the adaxial 
surfaces of leaf-6 of common cabbage plants. Columns of each group marked with the same letters 
are not significantly different (P < 0.05).  
 
4.4.5 Scanning electron micrographs of eggs and leaf surfaces 
Scanning electron micrographs of eggs at different oviposition sites clearly showed that the egg-leaf 
interface is quite different in the different plants. Micrographs (200x magnification) showed that eggs 
laid in veins of common cabbage (Figure 4.13A) and Chinese cabbage (Figure 4.13C) plants had a 
greater area of attachment to the leaf surface than eggs laid on the leaf laminas (Figure 4.13B and 
D). 
 
Eggs laid on the leaf lamina of common cabbage plants (Figure 4.14A) had the poorest attachment 
to the oviposition substrate. When an egg laid at this site was removed from the leaf, the area of 
attachment (Figure 4.14B) to the waxy surface (Figure 4.14C) was small. Conversely, eggs laid on 
the veins of Chinse cabbage plants (Figure 4.14D) had the greatest attachment to the oviposition 
substrate. When an egg laid in the leaf vein of a Chinese cabbage plant was removed from the leaf, 
the area of attachment (Figure 4.14E) to the wax less surface (Figure 4.14F) was large. 
Wax crystals were present on the adaxial surfaces of leaf-2 (Figure 4.15A and B) and leaf-6 (Figure 
4.15C and D) of common cabbage plants but they were more densely arranged on leaf-6 (cf. Figure 
4.15A and B with Figure 4.15C and D). However, there was no evidence of wax crystals on the 
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adaxial surface of leaf-6 of Chinese cabbage leaves (Figure 4.15E), even when viewed at extreme 
(3000x) magnification (Figure 4.15F). When the surface of the chorion of an egg that had been 
carefully dislodged from the leaf lamina of leaf-6 of a common cabbage plant was examined under a 
series of increasing magnifications (Figure 4.16) a thick layer of wax crystals could be seen (Figure 
4.16D).  
 
  
  
  
Figure 4.13 Representative scanning electron micrographs of DBM eggs on the A) vein and B) leaf 
lamina of adaxial surface of leaf-6 of common cabbage and on the C) vein and D) leaf lamina of 
adaxial surface of leaf-6 of Chinese cabbage plants. Scales = 200 μm. 
  
A B 
C D 
200µm 200x 200µm 
200µm 200µm 
200x 
200x 200x 
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Figure 4.14 Representative scanning electron micrographs of egg attaching areas of adaxial surfaces 
of leaf-6 of A-C) common cabbage and D-F) Chinese cabbage plants. The marked areas (crossed) 
are showing the magnified areas where eggs were attached. Scales = 1 nm, 200 μm and 50 μm.  
 
 
  
A D 
B E 
C F 
200x 200 µm 200x 200 µm 
35x 1.0 mm 1.0 mm 35x 
1000x 
 50 µm  50 µm 1000x 
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Figure 4.15 Representative scanning electron micrographs of wax status on adaxial surfaces of A-B) 
leaf-2 of common cabbage, C-D) leaf-6 of common cabbage and E-F) leaf-6 of Chinese cabbage 
plants. Scales = 50 μm and 10 μm. 
 
 
A B 
C D 
E F 
1000x 50 µm 3000x 10 µm 
1000x  50 µm 3000x 10 µm 
1000x 50 µm 10 µm 3000x 
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Figure 4.16 The series of increasing magnifications of egg surface A-D) which was carefully 
dislodged from the lamina of adaxial surface of leaf-6 of common cabbage plant showing the presence 
of wax crystals on egg chorion. Scales = 1.0 mm, 200 μm, 50 μm and 10 μm. 
 
4.4.6 Indirect effects of rainfall on DBM eggs  
4.4.6.1 Egg loss from leaf surfaces following leaf vibrations caused by water droplets 
Droplets caused egg loss from the oviposition sites of common cabbage leaves when they did not 
strike on eggs directly (Figure 4.17). More than 15% egg loss occurred from the adaxial surfaces of 
leaf-6 when droplets struck within 1 cm of eggs and > 20% of eggs were lost from the abaxial surfaces 
of leaf-6 when droplets impacted on the adaxial surfaces immediately above the eggs.  
 
Eggs were removed from oviposition sites on the abaxial leaf surface when water droplets impacted 
on the adaxial leaf surface directly above them (Figure 4.18). A second-order (quadratic) polynomial 
model was fitted to the data (y = - 0.075 + 0.114x - 0.008x2; r2 = 0.910). Initially, egg loss from the 
abaxial surface increased with increasing distance from the leaf axil, however, as this distance 
increased, egg losses declined (Figure 4.18).  
C 
A B 
D 
35x 200x 
3000x 1000x 
1.0 mm 200 µm 
 50 µm  10 µm 
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Figure 4.17 Mean % egg loss (± SE) from the abaxial and adaxial surfaces of common cabbage 
leaves. For abaxial surfaces, water droplets (n = 5,000) impacted on the adaxial surface directly above 
the egg and for adaxial surfaces, water droplets (n = 5,000) impacted the adaxial surface within 1 cm 
of the egg.  
 
 
Figure 4.18 Scatterplot showing the proportion of eggs lost from the adaxial leaf surface of common 
cabbage leaves where 5,000 rain droplets impacted on the adaxial leaf surface directly above. A 
second-order (quadratic) polynomial model was fitted, y = - 0.075 + 0.114x - 0.008x2; r2 = 0.910. 
Hatching rate of eggs and the rainfall effects. 
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When eggs were subject to the direct impact of water droplets there was no evidence that hatching 
was compromised (F4,95 = 0.899; P > 0.05) and > 90% of eggs hatched following the direct impact of 
10,000 water droplets (Figure 4.19).  
 
 
Figure 4.19 Mean % of eggs hatching after being stuck directly by an increasing number of water 
droplets (F4,95 = 0.899; P > 0.05).  
 
4.5 Discussion  
Significant variation in the number of water droplets required to remove eggs from different 
oviposition sites suggests that eggs are attached to the oviposition substrate with different degrees of 
strength at the different sites on the different host plants tested (Figure 4.8, Figure 4.9 and Figure 
4.10). More water droplets were required to remove eggs from the lower leaves (leaf-2) than upper 
leaves (leaf-6) of common cabbage plants (Figure 4.8A). Differences between the surface properties 
of the lower leaves and the upper leaves of common cabbage plants (Figure 4.15A to D) can likely 
explain this. All the leaves of common cabbage plants are waxy but the wax crystals on the surface 
of upper leaves are more densely arranged than those on the surface of lower leaves. Further, these 
waxes are structurally different (Tadle 2017); those on the upper leaves have thread-like extensions 
but such structures are nor evident on the waxes on the surfaces of lower leaves. These differences in 
the quantity and structure of wax crystals on the lower and upper leaves resulted in eggs being 
supported differently on the two surfaces. The thicker wax crystals on the upper leaves resulted in 
weak attachment of eggs to the leaf surface (Figure 4.12) as waxes prevented direct attachment of 
eggs to the leaf cuticle (Figure 4.16). In Chinese cabbage, the upper and lower leaves of which are 
devoid of surface waxes (Figure 4.15E and F), direct attachment to the leaf cuticle resulted in a 
stronger bond between the eggs and the oviposition substrate and much greater resistance to the 
impact of rainfall (Figure 4.8).  
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Similarly, DBM eggs laid in leaf veins are more resistant to the effects of rainfall than eggs laid on 
leaf laminas (Figure 4.8A and B). Leaf veins are uneven and indented (in the case of the adaxial 
surface) or slightly raised (in the case of the abaxial surface), providing an increased surface area for 
egg attachment to the leaf surface. Electron micrographs showed that the increased area of attachment 
of eggs when they were laid in veins (Figure 4.14), likely explaining why eggs laid in these areas 
were more tolerant to the direct impacts of rainfall.  
 
Complete egg loss may not be achieved even with a long rainfall event (Kobori and Amano 2003) 
and it is less likely for Chinese cabbage plants (Table 4.1). When eggs on Chinese cabbage leaves 
were exposed to 10,000 water droplets a greater proportion of them remained attached to the leaf than 
when eggs on common cabbage plant were exposed to this number of water droplets (Table 4.1) and 
more droplets were required to remove eggs from oviposition sites on Chinese cabbage plants than 
on common cabbage plants (Figure 4.8A and B). The differences in the surface properties of the 
leaves of the two species likely provide an explanation. Common cabbage leaves are covered in dense, 
layered surface wax crystals (Figure 4.15) whereas Chinese cabbage plant leaves are almost wax-
free. Thus, in Chinese cabbage leaves eggs were attached directly to the leaf epidermis but in common 
cabbage leaves, wax crystals form an extra layer between the leaf epidermis and the chorion (Figure 
4.16) which reduces the strength of adhesion. On common cabbage leaves, water droplets can detach 
eggs from the leaf surface along with the wax crystals to which the spulamines bond (Figure 4.16); 
the direct attachment of eggs to the epidermis of Chinese cabbage leaves likely contributes to their 
greater tolerance to the mechanical effects of rainfall. This is increased further by the greater 
availability of leaf veins on both the adaxial and abaxial surfaces of Chinese cabbage leaves (Figure 
4.11) when compared to common cabbage leaves, providing greater attachment (see above).  
 
The orientation of leaves in common cabbage and Chinese cabbage plants is also different, but there 
was no evidence that the angle with which leaves of either species of host plant is presented to 
impacting water droplets affects the susceptibility of eggs to mechanical removal (Figure 4.10) and 
the lower susceptibility eggs on the lower leaves and on the stems of plants (Chapter 2; section 
2.5.5.3) is likely due to the protection afforded by the upper leaves from the direct impact of rainfall 
rather than the horizontal plane in which they are presented. Similarly, eggs laid in pairs or clusters 
have better bonds with the substrate than single eggs and they are consequently less susceptible to 
rainfall (Figure 4.9). Although DBM usually lay eggs singly (Chapter 2; section 2.5.3; Silva and 
Furlong 2012; Furlong et al. 2004b; Gupta and Thorsteinson 1960), when eggs are laid together in a 
cluster (≥ 2 eggs), the increased area of attachment to the substrates improves rain fastness (Figure 
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4.9) and there is evidence that laying eggs in pairs or clusters may be an adaptive response when 
DBM is confronted by waxy oviposition substrates (Chapter 2; section 2.4.4).  
 
In addition to the direct impact of rainfall, DBM eggs are also susceptible to indirect effects caused 
by the mechanical forces of water droplets striking leaf surfaces (Figure 4.17 and Figure 4.18). For 
easy comparison, indirect impacts of droplets on eggs were observed only on common cabbage plants 
as eggs on common cabbage plants are more vulnerable to the direct impacts of rainfall. Eggs were 
lost from oviposition sites even when they were not directly struck by water droplets (Figure 4.17). 
The vibrations created when droplets hit close to eggs, either on the adaxial surface or when they 
impacted on the adaxial surface above eggs laid on the abaxial surface caused eggs to be removed 
from oviposition sites (Wakisaka et al. 1992) (Figure 4.17). These losses were typically lower than 
those caused by the direct impact of water droplets (Figure 4.8 and Figure 4.17) and they were 
affected by the position of eggs on the leaf surface (Figure 4.18). For example, eggs laid on the 
abaxial surface near the leaf axil were less affected by rainfall than eggs laid nearer the centre of 
leaves but susceptibility declined again when eggs were laid closer to the leaf margin. Presumably, 
the greater movement of the leaf at the margins dampens the vibrations caused by impacting water 
droplets resulting in reduced eggs loss while eggs laid close to the leaf axil are on more rigid strata 
which does not vibrate as much and contributes to lower egg loss (Figure 4.18). Egg laid in the centre 
of leaves are therefore most sensitive to the indirect impacts of rainfall (Figure 4.18).  
 
Hatching rate of DBM eggs was found to be negatively correlated with the impacts of the increased 
number of droplets (Figure 4.19). That means, with the increased exposure of eggs to the rainfall, 
hatching rate will be affected. The egg chorion may be broken down or may be thinned out with the 
increased exposure to droplets which may result vulnerable to mortality factors or may be desiccated 
and eventually reduced hatching rate. However, exposure of eggs to the increased number of water 
droplets did not reduce the proportion of egg hatching significantly (Figure 4.19). Therefore, details 
studies of the consequences of overexposed eggs DBM to rainfall is recommended to understand the 
exact fate of overexposed eggs. In the lab experiment, the relationship of hatching rate of DBM eggs 
and exposure to water droplets were observed on Chinese cabbage leaves as the eggs on Chinese 
cabbage leaves are more likely to stay on oviposition sites after the direct impacts of an extended 
number of droplets (Table 4.1).  
 
Post-alighting behaviour of DBM for oviposition can be explained by the quality of egg adhesion on 
egg substrates. Better egg adhesion on lower leaves (leaf-2) than on upper leaves (leaf-6) of common 
cabbage plants (Figure 4.8A) coincide the preference of DBM to lay more eggs on the lower leaves 
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than upper leaves (Chapter 2; section 2.4.3; Ang et al. 2014; Silva and Furlong 2012). Laying eggs 
in clusters (≥ 2) reduces susceptibility to water droplets (Figure 4.9) possibly explaining why DBM 
lay more eggs in clusters on common cabbage (Chapter 2; section 2.4.4). Common cabbage leaves 
are waxy (Figure 4.15A to D) and laying more eggs in clusters may be an ecological adaptation of 
DBM to reduce the loss of eggs by rainfall. Similarly, better attachment of eggs to Chinese cabbage 
leaves than common cabbage leaves (Figure 4.8) might partly explain the preference of DBM to 
oviposit on glossy leaves like Chinese cabbage (Badenes-Perez et al. 2004; Ulmer et al. 2002; Justus 
et al. 2000). Oviposition preference of DBM on veins over laminas of both plants can be explained 
in a similar way and DBM showed a strong preference to veins for egg laying on both plants (Figure 
4.5) even on vein like cavities of aluminium foil leaves (Figure 4.6). The calculated areas of veins of 
common cabbage and Chinese cabbage leaves were much lower compared to areas of laminas (< 
25%) (Figure 4.11) but the majority of eggs (on common cabbage > 50% and Chinese cabbage leaves 
≈ 100%) laid on veins (Figure 4.5A and B). 
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Chapter 5 General discussion 
 
Oviposition behaviour of DBM is host-plant specific (Ang et al. 2016; Ang et al. 2014; Silva and 
Furlong 2012) and it is influenced by the chemical and morphological characters of host plants and 
interactions between these factors (Hopkins et al. 2009; Textor and Gershenzon 2009; Spencer et al. 
1999; Spencer 1996; Pivnick et al. 1990b). DBM laid eggs throughout plants, with higher numbers 
on leaf-6, leaf-7 and leaf-8 of Chinese cabbage (Figure 2.11D) and on the lower leaves, mostly on 
leaf-2, leaf-3 and leaf-4, of common cabbage plants (Figure 2.11A). The different patterns of DBM 
eggs laid on common cabbage and Chinese cabbage plants suggests a complex interaction between 
DBM and their host plants; Ang et al. (2014) suggested leaf position was more important than leaf 
identity. Although they are closely related brassicaceous species, common cabbage and Chinese 
cabbage plants differ markedly in morphology and in their morphological and chemical profiles. 
Scanning electron microscopy revealed that the composition of surface waxes is different between 
common cabbage and Chinese cabbage leaves and that these important characteristics even varies 
among leaves of common cabbage plants. Surface waxes on upper leaves (leaf-6) of common cabbage 
were densely arranged (Chapter 4; section 4.4.5) and structurally different (Tadle 2017) compared to 
wax crystals on lower leaves (leaf-2). Conversely, Chinese cabbage leaves were almost free of surface 
waxes (Chapter 4; section 4.4.5). Surface waxes influence post-alighting behaviour (Chapter 2; 
section 2.4.4) and oviposition preference of DBM (Badenes-Perez et al. 2004; Ulmer et al. 2002; 
Justus et al. 2000; Riggin-Bucci et al. 1998; Riggin-Bucci and Gould 1996; Uematsu and Sakanoshita 
1989). In this study, DBM changed its oviposition patterns based on leaf wax content; on less waxy 
leaves, they laid most eggs singly. Similarly, DBM laid more eggs in clusters on common cabbage 
leaves compared to wax-free Chinese cabbage leaves (Figure 2.12). 
 
In agreement with previous studies (Talekar et al. 1994; Tabashnik and Mau 1986), DBM laid more 
eggs on adaxial leaf surfaces than on abaxial leaf surfaces of both host plants (Figure 2.11B and E). 
They also laid on petioles of both plants and on the stems of common cabbage plants (Figure 2.11). 
Laying more eggs on the adaxial surfaces may be influenced by the surface characters (Ang et al. 
2016; Silva and Furlong 2012; Badenes-Perez et al. 2004; Spencer et al. 1999; Spencer 1996; Pivnick 
et al. 1990b; Uematsu and Sakanoshita 1989; Lu et al. 1988) or simply because of the female’s 
preference to lay eggs when in an upright position on the leaf surface but this requires further 
investigation. Evidence that oviposition on a specific surface is influenced not only by female choice 
but also by other factors such as surface characters is provided by experiments that compared the 
numbers of eggs laid on the abaxial and adaxial surfaces of host plants when leaves were presented 
in normal and reversed orientations. On common cabbage leaves, orientation did not affect 
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oviposition, but it did on Chinese cabbage leaves (Chapter 4; section 4.4.1.3) with more eggs on 
adaxial surfaces. DBM laid more eggs on veins of both common cabbage and Chinese cabbage leaves, 
indeed almost all eggs were laid on the veins of Chinese cabbage (Figure 2.11C, F and Figure 4.5). 
Even on synthetic aluminium foil leaves, they laid more eggs on vein-like folds (Figure 4.6) 
suggesting that physical characteristics of the leaf surface influences where eggs are laid. The 
estimated proportion of the leaf surface area that consisted of veins much less than the lamina area 
for both plant species; calculated % leaf areas that consisted of veins on common cabbage and Chinese 
cabbage were ≈ 15% and ≈ 26% respectively (Figure 4.11). That the lower proportion of areas of 
veins contains a higher proportion of eggs suggests a preference of DBM to lay on these structures. 
This result is in agreement with Gupta and Thorsteinson (1960) who showed that DBM lay more eggs 
in concavities than on flat areas of leaves.  
 
Usually, DBM lays eggs singly but sometimes they are deposited in clusters (≥ 2 eggs in contact with 
each other) on common cabbage plants (Figure 2.12). Wax crystals influenced DBM to lay more 
eggs in small clusters (Figure 2.13), and more eggs were laid singly when wax crystals were removed 
from common cabbage leaves. Fewer eggs were laid in clusters on Chinese cabbage and when they 
were they were found on the leaf lamina rather than on veins (Figure 2.12A) where eggs are likely 
to be provided with greater support than on the flat lamina regions.  
 
Oviposition behaviour of DBM and the distribution of eggs on host plants are important for 
understanding the likely effects of rainfall (Kobori and Amano 2003). Survival of eggs and the larvae 
that subsequently hatch is dependent on oviposition behaviour (Kobori and Amano 2003; 
Sivapragasam et al. 1988; Tabashnik and Mau 1986). Rainfall events are likely to be a major source 
of mortality of DBM eggs (Wakisaka et al. 1992; Sivapragasam et al. 1988), but the effects of rainfall 
vary considerably between different host plants and between different oviposition sites within plants. 
In experiments using simulated rainfall (5.6 (± 0.10) cm h-1 for 3 min), eggs on common cabbage 
plants were found to be more susceptible to rainfall effects than eggs on Chinese cabbage plants 
(Figure 2.14A and B). Similarly, significantly higher numbers of droplets were required to remove 
eggs from oviposition sites on Chinese cabbage plants than on common cabbage plants (Figure 4.8); 
when impacted by 10,000 simulated raindrops, a higher proportion of eggs remained on Chinese 
cabbage plants than on common cabbage plants (Table 4.1). The presence of dense wax crystals on 
common cabbage plants (described above) may affect the adhesion of eggs to oviposition substrates. 
On Chinese cabbage leaves eggs were attached directly to the leaf epidermis but on common cabbage 
leaves, wax crystals produce an extra layer between the leaf epidermis and the eggs (Figure 4.16), 
resulting in a weaker attachment. On wax-free leaves, eggs remain strongly attached to leaf surfaces 
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(Uematsu and Sakanoshita 1989). Again, a higher proportion of veins on both adaxial and abaxial 
leaf surfaces of Chinese cabbage leaves (Figure 4.11) provided better adhesion of eggs to the 
substrate than on common cabbage leaves. The deeper veins of Chinese cabbage leaves may provide 
better support to the eggs compared to those of common cabbage leaves but the different orientations 
of common cabbage leaves (typically, horizontal) and Chinese cabbage (upper leaves, typically 
obliquely orientated; lower leaves, typically, horizontal) did not affect egg losses due to rainfall 
(Figure 4.10).  
 
In both plants, egg loss was higher from the upper leaves (e.g. leaf-6) than the lower leaves (e.g. leaf-
2) (Figure 2.14). Eggs on upper leaves are more exposed to the impacts of rainfall which may result 
in a higher loss (Kobori and Amano 2003). Direct exposure of eggs on leaf-2 increased egg loss when 
leaf-7, which covers leaf-2 in intact plants, was removed (Figure 2.9). In the droplet simulation 
experiment, eggs on the upper leaves of common cabbage plants were found to be more susceptible 
to removal by water droplets than eggs on the lower leaves (Figure 4.8A). Eggs on the younger upper 
leaves might be less well attached to the surface as they grow faster than older leave, which can result 
in weakening of the bond between eggs and leaf surfaces over time (Kyi et al. 1991). Similarly, the 
difference in surface properties among the leaves may result in reduced egg retention on upper leaves. 
Higher wax content (Figure 4.15A to D) and structurally different wax crystals on upper leaves 
compared with lower leaves (Tadle 2017) might result in lower egg retention on the upper leaves of 
common cabbage plants. The numbers of droplets required to remove eggs from the upper and lower 
leaves of Chinese cabbage plants were not different (Figure 4.8B). These leaves are almost free of 
waxes and the waxes that are present do not differ in terms of wax quantity or properties of waxes 
between upper and lower leaves (Figure 4.15E and F). 
 
Eggs on the adaxial surfaces of both leaf-2 and leaf-6 of common cabbage plants were susceptible to 
simulated rainfall for (Figure 2.14). Eggs on adaxial surfaces were more likely to be directly affected 
by the impacts of rainfall than eggs on abaxial surface (Kobori and Amano 2003). Water droplets 
directly striking eggs on adaxial surfaces of leaves caused more loss than from the abaxial surfaces. 
However, leaf vibrations (Wakisaka et al. 1992) caused by the impact of rainfall on adaxial surfaces 
caused egg losses from both abaxial and adaxial surfaces (Figure 4.17). On a given leaf surface of 
either host plant, eggs laid on veins were less susceptible to rainfall than eggs laid on laminas (Figure 
4.8A and B). The uneven and indented (in the case of the adaxial surface) or slightly raised (in case 
of the abaxial surface) veins can provide a greater surface for attachment (Figure 4.14A to F) and 
thus stronger adhesion (Figure 4.13A to D) for eggs than the leaf laminas.  
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Oviposition of DBM is influenced by many factors (Ang et al. 2016; Silva and Furlong 2012; Couty 
et al. 2006) and they usually lay eggs on oviposition sites of host plants where eggs are more securely 
attached. DBM identify their hosts using physical appearance and chemical cues (Badenes-Perez et 
al. 2014; Bukovinszky et al. 2005; Justus and Mitchell 1996) and finally, females use one or more 
post-alighting physical, short-range visual and non-volatile chemical cues to select egg laying sites 
(Ang et al. 2016; Couty et al. 2006). Oviposition preference on glossy Chinese cabbage leaves over 
waxy common cabbage leaves (Badenes-Perez et al. 2004; Ulmer et al. 2002; Justus et al. 2000) can 
help explain the resistance of DBM eggs on Chinese cabbage leaves (Figure 4.8). Similarly, laying 
more eggs on the lower leaves than upper leaves of common cabbage (Chapter 2; section 2.4.3; (Ang 
et al. 2014; Silva and Furlong 2012) results in better egg retention as eggs are less easily removed 
from lower leaves (leaf-2) by rainfall than eggs on upper leaves (leaf-6) (Figure 4.8A). Oviposition 
by DBM on veins of leaves of host plants (Figure 4.5) or in concavities of artificial leaves (Figure 
4.6) results in better egg retention when exposed to simulated rain droplets (Figure 4.8A and B). The 
areas of common cabbage and Chinese cabbage leaves covered by veins were much lower than the 
areas of laminas (< 25%) (Figure 4.11) but the majority of eggs (on common cabbage > 50% and 
Chinese cabbage ≈ 100%) were laid on veins (Figure 4.5A and B), indicating that these regions are 
highly preferred for oviposition, possibly as they offer improved attachment and result in lower losses 
when exposed to rainfall.  
 
DBM lay eggs individually (Chapter 2; section 2.5.3; (Silva and Furlong 2012; Furlong et al. 2004b; 
Gupta and Thorsteinson 1960) but when they lay in clusters (≥ 2 eggs in contact with each other), 
adhesion of eggs to plant surfaces during rainfall increased (Figure 4.9) which may explain the 
preference for laying more eggs in clusters on common cabbage plants (Chapter 2; section 2.4.4). In 
clusters, eggs have a greater surface attached to the substrate. Better attachment of eggs to oviposition 
sites reduces susceptibility to many abiotic mortality factors, including rainfall and wind etc. (Al Bitar 
et al. 2012). Egg retention on waxier common cabbage leaves (Figure 4.15) was less than Chinese 
cabbage leaves (Figure 4.8). Therefore, laying more eggs in clusters on common cabbage could be 
an ecological adaptation by which DBM benefits with reduced loss of eggs by rainfall. Likewise, 
eggs remain less affected by the impact of rainfall on some parts of plants naturally. Eggs on the 
lower leaves and on lower internodes of stems are covered by the upper leaves and plant canopies 
and thus are less directly impacted by rainfall (Chapter 2; section 2.5.5.3). However, in common 
cabbage plants, rainfall, caused significant egg losses from leaf petioles, including those of lower 
leaves (leaves 1- 3) (Figure 2.14A).  
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Aged eggs (> 48 h old) were more susceptible to rainfall than younger eggs (< 24 h old) (Figure 
2.15A and B) which indicates that egg adhesion to leaves became weaker with increasing time post 
oviposition. Kyi et al. (1991) found a similar result for Helicoverpa armigera (Hübner) (Lepidoptera: 
Noctuidae) eggs on cotton. In single droplet simulation studies, DBM eggs were found to be more 
vulnerable to rainfall immediately after laying and near hatching time. The adhesive substances that 
glue eggs to the substrate may remain wet and as this dries egg adhesion may increase but as hatching 
is approached, the egg chorion may become fragile and the bond between eggs and leaf surface may 
become weakened due to time effects and expansion of leaves (Kyi et al. 1991).  
 
Apart from direct impacts, DBM eggs were affected by the indirect impacts of rainfall (Chapter 4; 
section 4.4.6). DBM eggs can be lost from plants without being struck by droplets directly but by the 
vibration of leaves and some other associated factors such as mud splash (Sivapragasam et al. 1988) 
(Figure 4.17 and Figure 4.18). The proportion of egg loss by the indirect impacts of rainfall was low 
compared to the direct impacts, but the indirect losses could happen from the naturally protected parts 
of plants, such as eggs on lower leaves, abaxial surfaces and the stem. Another indirect impact of 
rainfall is the reduced hatching rate of eggs that have been extensively impacted by water droplets 
(Figure 4.19) and there was a negative correlation between hatching rate and the number of droplets 
impacting on eggs. The egg chorion may be damaged by repeated or prolonged exposure to rain 
droplets and eventually, eggs may become desiccated and embryos may die. Further detailed studies 
will be needed to determine the exact consequences of DBM eggs being overexposed to rainfall and 
the mechanism that leads to egg mortality.  
 
Simulated rainfall caused significant loss of DBM neonates from common cabbage and Chinese 
cabbage plants (Chapter 3; section 3.4.2). Dislodged neonates died (Sivapragasam et al. 1988; Iga 
1985; Harcourt 1963) and/or disappear (Wakisaka et al. 1992) as very few of them could relocate 
their host plants (Figure 3.11A). Understanding the behaviour of neonates before establishing feeding 
sites on host plants is important for understanding the likely effects of rainfall on them (Shelomi et 
al. 2010; Foster and Howard 1999). Irrespective of hatching sites, neonates usually prefer younger 
leaves to establish feeding sites (Silva and Furlong 2012). The mechanisms driving this behaviour 
are not completely understood but the preferred younger leaves are softer and typically contain higher 
levels of phagostimulatory glucosinolates and proteins (Moreira et al. 2016) than older leaves. 
Neonate larvae released at typical oviposition sites on Chinese cabbage plants spent > 1 h searching 
for feeding sites (Figure 3.4) and moved between 3 and 72 cm depending on the hatching site (Figure 
3.6C) prior to establishing feeding sites. On common cabbage plants, neonates spend a considerably 
longer time (approximately 3 h) and travel a longer distance (approximately 90 cm) searching for 
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mining sites (Silva and Furlong, unpublished data). On common cabbage plants, the preferred 
oviposition sites are on lower leaves (Chapter 2; section 2.5.3) and on Chinese cabbage plants the 
preferred oviposition sites on the younger upper leaves (Figure 2.11D). On both plants, neonates 
move to their preferred feeding sites on the upper leaves before they begin mining. To do this, they 
traverse the stem and some intermediate leaves and petioles, greatly increasing the time spent 
searching for feeding sites. Neonates have less distance to move and can reach their feeding sites 
more quickly on Chinese cabbage plants. Newly hatched neonate larvae that are actively searching 
for feeding sites are most vulnerable to rainfall on both plants (Figure 3.3). Kyi et al. (1991) found 
similar results for H. armigera neonates foraging on cotton plants. On Chinese cabbage plants, 
neonates were susceptible to rainfall effects up to 1 h post-hatching and on common cabbage plants, 
neonates remained susceptible to the effects of rainfall for a longer period (up to 3 h) after hatching 
(Figure 3.3), suggesting that the longer foraging time required to establish a feeding site contributes 
to greater neonate mortality in the event of rainfall.  
 
Higher loss of neonates from common cabbage plants is likely due to neonates remaining exposed 
for a longer time and the morphology and architecture of the common cabbage plants also likely plays 
a role. Neonates are likely to be washed off more easily from waxier and horizontally arranged 
common cabbage leaves, attached to the stem by relatively long, narrow petioles, which themselves 
are separated along the stem by relatively long the internodes. In Chinese cabbage plants, dislodged 
neonates are more likely to accumulate in the broader leaf axils and then return to leaves to feed. 
Further on Chinese cabbage, larvae can move to their preferred mining sites on the abaxial surfaces 
of the leaves on which eggs were laid easily, resulting in mining sites being located more rapidly than 
on common cabbage plants and a reduced chance of neonates being directly affected by rainfall. In 
this respect rainfall, an abiotic cause of mortality, interacts with the host plant in a manner comparable 
to DBM larval predation, the impact of which can also be mediated by the characteristics of the leaf 
surface of host plants (Eigenbrode et al. 1995). 
 
Neonates can be affected by the indirect impacts of rainfall in several ways (Chapter 3; section 3.4.3 
and section 3.4.4). On wet surfaces, neonates cannot move freely and they sometimes remained stuck 
on vulnerable hatching sites for long periods (Figure 3.6 and Figure 3.7), forcing them to mine on 
the same leaves, which may be unsuitable for development (Figure 3.8 Silva and Furlong 2012). 
 
Second and subsequent instar (3rd and 4th instar) larvae of DBM were significantly dislodged from 
both host plants by the simulated rainfall, but their overall losses were less than those of eggs and 
neonates (Chapter 3; section 3.4.5). Later instar larvae were harmed mostly by the onset of rainfall, 
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and rainfall for an extended duration did not result in a significant additional loss or mortality of 
larvae (Figure 3.9). Larvae sometimes remained attached to a plant hanging by a silk-thread (Sarfraz 
et al. 2005; Wang and Keller 2002; Torres-Vila et al. 1997; Harcourt 1957) during rainfall and 
eventually, they returned on the leaves when rainfall ended. Susceptibility of larvae to rainfall 
decreased with increased larval development (Figure 3.9). Among 2nd, 3rd and 4th instar larvae, 2nd 
instar larvae were the most vulnerable to rainfall (Figure 3.9). Moreover, larger larvae (3rd and 4th 
instars) were more capable of relocating their host plants after being dislodged by rainfall (Figure 
3.11A) and the overall mortality of later instar larvae was not equal to the number of larvae dislodged 
from plants by rainfall (Kobori and Amano 2003).  
 
Therefore, eggs and neonates of DBM are susceptible to the direct and indirect mortality impacts of 
rainfall. Larger instar larvae (2nd, 3rd and 4th instars) are also susceptible to rainfall but the overall 
effects on them are lower. Both eggs and neonates are more vulnerable on common cabbage plants 
than on Chinese cabbage plants. The age of eggs and the nature of the oviposition site substrate 
influenced the impact of rainfall on eggs; on waxy substrates, eggs are more likely to be laid in 
clusters which are more resistant to rainfall than eggs laid singly on the same substrates, this might 
be an adaptation to reduce the impact of rainfall. The timing of rainfall is important; neonates on host 
plants remain susceptible to rainfall for a longer duration on common cabbage plants (up to 3 h) but 
within 1 h of hatching on Chinese cabbage they can manage to avoid rainfall effects by readily 
establishing mining sites. Eggs and neonates can be affected by the indirect impacts and they can be 
prone to other biotic and abiotic mortality factors because of the consequences of rainfall.  
 
Simulated rainfall or sprinkler irrigation can be used to suppress the DBM population (McHugh 1994; 
Keinmeesuke et al. 1992; Wakisaka et al. 1992). As eggs and neonates are the stages that are the most 
susceptible stages to rainfall, they should be targeted in production systems in which water impacting 
on the foliar surfaces of crop plants can be manipulated. For better management, synchronization of 
sprinkler irrigation (simulated rainfall) with oviposition and/or egg hatching will result in a maximum 
reduction of DBM eggs and neonates. Usually, DBM lay eggs in the first few hours of scotophase 
(Talekar et al. 1994; Pivnick et al. 1990a) and hatching time can be predicted by monitoring 
temperatures to estimate the incubation period (Liu et al. 2002). Any such strategy will depend on 
frequent crop monitoring to determine when eggs are laid and hence when sprinkler systems should 
be deployed to maximise egg and neonate mortality. Since egg susceptibility to rainfall on common 
cabbage plants (Chapter 2; section 2.4.5) and neonates remained susceptible to rainfall for a longer 
on these plants (Chapter 3; section 3.4.2) than on Chinese cabbage plants, sprinkler irrigation is likely 
to be more effective on common cabbage field crops, or on other Brassicaceae crops with similar 
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morphological characteristic, than it is for Chinese cabbage crops. However, the recommendation of 
sprinkler irrigation/ simulated rainfall as a control measure requires further research. The impacts of 
rainfall on eggs and neonates on host plants depend on leaf surface characters such as the presence of 
wax crystals and the depth of veins and areas of leaf laminas need to be understood. The development 
of waxier Chinese cabbage lines with less indented veins will not only increase the loss of eggs and 
neonates but also reduce oviposition on such plants (Badenes-Perez et al. 2004; Ulmer et al. 2002; 
Justus et al. 2000). Such breeding programs, or possibly transgenic approaches to produce crops lines 
with characteristics that improve both direct and indirect host plant resistance could be valuable 
contributions to future crop systems that rely less on insecticides and more on completely integrated 
crop management strategies.  
 
Rainfall can result in significant mortality to DBM, sometimes causing large declines in populations 
but, due to the complexity of the relationships involved and the stochastic nature of rainfall events, 
local eradication is not likely even in high rainfall areas. In the rainfall simulation experiments, a very 
high rainfall rate (5.6 (± 0.10) cm h-1 for 3 min) was used but this did not remove 100% of eggs 
(Chapter 2; section 2.4.5) or neonates (Chapter 3; section 3.4.2) from the host plants. Further, 
extended periods of rainfall did not significantly increase the removal of 2nd and larger instar larvae 
and pupae were not affected by rainfall under the conditions tested (Chapter 3; section 3.4.5). DBM 
eggs were protected by the upper leaves and plant canopy when they were laid on the lower parts of 
host plants (Chapter 2; section 2.4.5.3) or on the stem (Chapter 2; section 2.4.5.1). Rainfall did not 
cause significant loss of neonates once they had entered feeding sites within the leaf mesophyll of 
host plants (Chapter 3; section 3.4.2) and the effects on larger larvae were much less than those on 
eggs and neonates (Chapter 3; section 3.4.5). Moreover, larger instar larvae were more capable of 
relocating their host plants after rainfall (Chapter 3; section 3.4.6). The adaptive oviposition 
behaviour of DBM females also reduced the chances of egg loss by rainfall. Moths laid more eggs on 
plant structures such as leaf veins (Chapter 4; section 4.4.2.1) or on less waxy surfaces (Chapter 4; 
section 4.4.4) from which eggs losses caused by rainfall are reduced. Similarly, they changed 
oviposition patterns from laying single eggs to laying clusters of eggs (which are less susceptible to 
rainfall) when confronted with more vulnerable oviposition sites such as highly waxy leaf surfaces 
(Chapter 2; section 2.4.4). Larval adaptations to rainfall include behaviours such as hanging from the 
abaxial surfaces of leaves on silk threads which dampen vibrations caused by the impact of rainfall 
on adaxial leaf surfaces during rainfall events. Together the complex relationships between 
oviposition site selection, differences between and within host plants and behavioural responses to 
rainfall mean that the overall impact of rainfall on DBM populations is highly variable. If the more 
susceptible stages (eggs and recently hatched, foraging neonate larvae) are exposed to rainfall then 
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losses can be extremely high, whereas older larvae feeding on older plants are likely to be much less 
impacted. Rainfall, particularly when more extreme, is however likely to structure DBM populations 
by differentially removing the more susceptible stages.  
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